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Pollination services by insects contribute to production in 75% of food crop species. When 
promoted through agro-ecological intensification (AEI), pollination can narrow yield gaps in 
smallholder farming systems. The study evaluated the contribution of insect pollinators on 
common beans (Phaseolus vulgaris L.) yields, and the knowledge gaps pre and post-training of 
smallholder farmers (n=300) in pollinators and field margins in a bean agro-system were 
investigated. Also, the role of field margin as a refuge for flower-visitors, and how plants and 
pollinator richness and diversity can influence strength of pollination networks in three agro 
ecological zones were investigated. Baseline and end-line surveys, pollinator exclusion and 
fluorescent dye-experiments, insects and vegetation surveys were carried out to obtain data for 
each specific objective of the study. While the majority of farmers were unaware of pollinators 
and their importance as pollinators before training, the end-line survey one year after training 
showed an increase in knowledge. The majority of farmers subsequently recognized honeybees, 
hoverflies and solitary bees, by names and their role as crop pollinators and natural enemies (for 
the case of hoverflies). Higher yield based on pods per plant and seeds per pod on open pollinated 
and hand pollinated flowers were significantly recorded compared with plants from which 
pollinators had been excluded suggesting that pollinators contribute significantly to crop yield. 
Similarly, it was found that field margin plants are essential in supporting higher number of 
pollinator taxa and can influence their richness in adjacent bean field. Collectively these results 
showed that improving understanding among smallholder farmers of ecosystem services and their 
ecological requirements are both feasible and essential for conservation of insect pollinators, which 
are important for optimising yield in this production system, and that crop margin vegetation 
provides habitat for these ecosystem service providers. Field margins with high plant diversity 
displayed extended and more robust pollination networks compared to those with low plant 
diversity, and consequently these habitat strips should be managed with sensitivity for pollinating 
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1.1 Background of the Problem  
Insect pollination contributes to the production of many crop species (Klein et al., 2007; Potts et 
al., 2016) and can enhance crop quality and yield even in autogamous crops (Bartomeus et al., 
2014; Bishop et al., 2016). An increase in seed and fruit set in these crops has been reported to 
occur when insects are permitted to visit flowers (Deprá et al., 2014; Pounders et al., 2006; Roldán 
& Guerra-Sanz, 2006). As these pollinating insects move between crop flowers, they improve 
fitness by reducing inbreeding due to self-pollination by maximizing pollen flow which improve 
crop quality and yield (Bartomeus et al., 2014; Senapathi et al., 2015). Yield increases resulting 
from pollinator visitation can arise through enhanced size, number and weight of seeds or fruits 
(Bommarco et al., 2012; Classen et al., 2014; Klatt et al., 2013; Ricketts, 2004; Tschoeke et al., 
2015). 
 
However, agricultural intensification has resulted in large-scale losses of abundance and diversity 
of pollinators and, consequently, this can impact crop yields (Klein et al., 2007). Decline in 
beneficial insects globally are predicted to lead to catastrophic outcomes (Sánchez-Bayo & 
Wyckhuys, 2019) including pollination deficits, resulting in severe declines in global agricultural 
production (Giannini et al., 2017; Novais et al., 2016). This is exacerbated by increasing demand 
for pollination services as agriculture has become more pollinator dependent (Aizen et al., 2008; 
Aizen & Harder, 2009). Maximum deposition of pollen in flowering crops (and thus yield) is likely 
to be achieved when there are high numbers of pollinators visiting flowers and moving between 
non-crop and crop habitats (Cusser et al., 2016; Roldán et al., 2006). Consequently, the link 
between pollinator populations, semi-natural habitats and food security is becoming increasingly 
apparent. 
 
Non-crop vegetation in agrarian landscapes is important in enhancing pollinator communities 
(Garratt et al., 2017; Sardiñas & Kremen, 2015) so supporting these habitats can mitigate against 






habitats has been generated from Europe and North America (Balfour et al., 2018), but there is 
little equivalent information on African pollinators which are neither safeguarded nor protected 
due to rapid environmental changes (Donaldson et al., 2002; Guenat et al., 2018). Climate and 
land use change have altered the vegetation composition in agrarian landscapes and reduced 
nesting sites and pollen and nectar resources for pollinators (Ferreira et al., 2013; Kearns & 
Oliveras, 2009). Conservation strategies require specific information about which insects pollinate 
which crops, enabling targeted and tailored conservation interventions (Garratt et al., 2014). The 
same applies to smallholder bean farming systems where most crops including coffee, beans, fruits 
and some vegetables benefit from insect pollination service. 
 
Common beans (Phaseolus vulgaris) are among crops that benefit from insect pollination (Ibarra-
Perez et al., 1999). They are consumed as a primary source of protein by low income households 
in many developing countries (Katungi et al., 2009). Common beans provide other fundamental 
nutritional elements such as iron, zinc and calcium (Brigide et al., 2014; McConnell et al., 2010) 
as well as being one of the cheapest dietary protein sources (Hillocks et al., 2006). Interventions 
in these production systems are continually required to secure and increase yields. In Tanzania, P. 
vulgaris is largely cultivated by smallholder farmers around the lake zone regions and in the 
northern part of the country (Hillocks et al., 2006). Although many species of beans are 
autogamous, pollination by insects can improve yield and quality (Bartomeus et al., 2014; Ibarra-
Perez et al., 1999; Kingha et al., 2012). While many studies have investigated the effects of 
pollinators on crop yield in fruits and vegetables (Feltham et al., 2015; Klatt et al., 2013; Shin et 
al., 2007; Tschoeke et al., 2015), relatively few have studied beans. Information on P. vulgaris 
pollination is particularly scarce with most studies on legumes focused on faba beans (Andersson 
et al., 2014; Bartomeus et al., 2014; Cunningham & Le Feuvre, 2013; Nayak et al., 2015). 
Knowledge about pollinator-dependence of P. vulgaris in different agricultural systems, however, 
is scarce but can practically be determined through the use of exclusion experiments (Birkin & 
Goulson, 2015). For the successful transition to sustainable agriculture, the integration of existing 
indigenous knowledge and scientific evidence is vital to raise farmers awareness and implement 






unproductive farming systems to sustainable and productive ones (Marques et al., 2017) through 
the augmentation of ecosystem biodiversity (Cardinale et al., 2003). 
 
This study has therefore evaluated the awareness and knowledge gaps among smallholder farmers 
from three different elevation zones (low, mid and high) in a Tanzanian agro-system of pollinators 
and their contribution in crop yields. Also, the potential importance of farm margin vegetation in 
sustaining pollinators as well as farming practices used in this region is discussed here. The study 
also discuss how knowledge through direct training can rapidly lead to change in farming 
behaviours towards Agricultural Ecological Intensification (AEI) that can support pollinators and 
other ecosystem services. The study explored the efficacy of pollination service in bean yields and 
studied the common pollinators of P. vulgaris that deliver this ecosystem service along an 
altitudinal gradient. Also, fluorescent dye methodology was deployed to track movements of 
flower visitors between the margin and field to understand the role of the field margin, in this 
smallholder farming system, in supporting pollinators.  
1.2 Statement of the Problem  
Ecosystem services such as pollination, can narrow yield gaps and support sustainable food 
production generating resilient agro-systems that buffer against future risks (Bartomeus et al., 
2014; Bishop et al., 2016; Bommarco et al., 2012; Rader et al., 2016). However, agricultural 
intensification has resulted in large-scale losses of abundance and diversity of pollinators in the 
world and, consequently, this can impact crop yields (Giannini et al., 2017; Novais et al., 2016).  
Many studies which have attempted to test the contribution of pollination services on yield of 
various crops, have been conducted in large scale farming systems in Europe and America (Bishop 
et al., 2016; Marzinzig et al., 2018).  
 
In East Africa, the value of pollination service for many tropical crops which heavily or partially 
depends on unmanaged-wild pollinators, are poorly understood (Kasina et al., 2009; Munyuli, 
2011; Otieno et al., 2011). In smallholder farming systems of Tanzania, none of the studies has 






1.3 Rationale of the Study 
No available information regarding the contribution of pollination services on common bean yield, 
and how non-crop vegetation influences ecosystem services in Tanzania’s smallholder farming 
systems. Therefore, this study aimed at bridging the information knowledge gap on the value of 
pollination service in improving common bean yield in smallholder farming system. 
1.4 Objectives 
1.4.1 Main Objective 
To assess the importance of pollinators and plant biodiversity in increasing pollination services 
and their effect in bean yield in smallholder farming systems. 
1.4.2 Specific Objectives 
(i) To evaluate the awareness and knowledge gaps on the role of pollinators and value of field 
margins among smallholder in bean agro-systems.  
(ii) To determine the effects of insects’ pollination on common bean yields in smallholder bean 
agro-systems. 
(iii) To develop pollination networks for the three selected agro-ecosystems, and evaluate the 
effects of plant diversity on their complexity and stability. 
(iv) To determine the diversity and richness of pollinators in association with their host plants 
across three selected agro-ecosystems. 
 
1.5 Research Questions 
(i) Do farmers have knowledge on pollinators and their implications in common bean 
production? 
(ii) Do beans yield in bean agro-systems dependent on insect pollination services?  
(iii) Do complexity and stability of plant-pollinator networks in bean agro-systems differ with 
elevation gradient?  







1.6 Significance of the Study 
Many of the world’s valued crops depend on insects’ pollination. However, knowledge of farmers 
in smallholder farming systems regarding the importance of pollination services in bean 
production was very limited. The study has provided justification for pollinator conservation in 
smallholder farming systems since we found that insect pollination was essential for enabling 
common beans to produce maximum yield, and that the insects visiting bean plants frequently 
visited the field margins. Also, this study has equipped farmers with knowledge regarding the 
economic importance of beneficial insects for crop yield, and thus led to change in farmers’ 
negative perceptions of insects, facilitating on-farm pollinator conservation. Moreover, the study 
has provided baseline information on diversity and richness of pollinators and their host plants in 
three agro-ecosystems. The information generated by this study was necessary for notifying 
farmers, agro-ecologists, researchers and other stakeholders on the importance of conserving 
agricultural ecosystem biodiversity for sustainable food production in smallholder farming 
systems.  
1.7 Delineation of the Study 
This study focused on assessing the importance of pollinators and plant biodiversity in increasing 
pollination services for improved bean yields in smallholder farming systems in Moshi Rural 












 LITERATURE REVIEW 
2.1 Importance of Common Beans in Sub-Saharan Africa 
Agriculture continues to remain a major economic and production activity in Sub-Saharan Africa 
(SSA) enabling poor households to sustain while alleviate the poverty level (Davis et al., 2017; 
Staatz & Dembélé, 2008). A large group of people in this region depend on agriculture for food 
and as main source of income for their living (Davis et al., 2017). Although limited large-scale 
farming do exists, most farmers are small-scale holders practicing rain-fed agriculture in small 
sized farms (Cooper et al., 2008). Modern and sustainable production technologies such as drip 
irrigation and improved seeds are less practiced in this region (Binswanger-Mkhize & Savastano, 
2017).  For the past few decades, agricultural production in this region has become challenging 
due to various factors including environmental stresses (Arndt et al., 2012; Ghini et al., 2011; 
Kutywayo et al., 2013). Major crops cultivated in this region include both local and breed variety 
of cereals, legumes and nuts (Altieri, 2004). While maize, millet and sorghum are main staple 
cereals in the region (Haggblade et al., 2017; Magrini et al., 2017; Porteous, 2017), common beans 
(Phaseolus vulgaris L.) are consumed as the main source of protein in many households (Katungi 
et al., 2009). Common beans also provides other important elements required by the body for its 
normal function (Margaret et al., 2014). In SSA, common beans are consumed in various forms 
and provides up to 15% and 30% of the total amount of energy and protein intake respectively 
required in daily basis (Katungi et al., 2009; McConnell et al., 2010). In Tanzania, P. vulgaris is 
largely cultivated by smallholder farmers in the northern and lake zone regions of the country 
(Hillocks et al., 2006). Being essential and cheapest dietary protein in these countries, intervention 
in production systems is required to increase yields.  
 
2.2 Importance of Pollinators and Pollination Service in Crop Production 
Sustainable intensification depends on regulating ecosystem services such as pollination and is 
being increasingly adopted in smallholder farming (Pretty et al., 2018). In a wide perspective, 






Dar et al., 2017). Biotic pollination occurs when the agent involved is a living organism (animal) 
unlike abiotic pollination whereby a physical agent such as wind and water facilitate the process 
(Ackerman, 2000). There are numerous groups of biotic pollinators ranging from insects, birds to 
mammals (Waser et al., 1995). Of these, bees are the most known and important insect pollinators 
of many crops and plant species in the world (Hegland et al., 2009; Waser et al., 1995). Other 
common pollinating insects include some species of diptera (Larson et al., 2001; Winfree et al., 
2011), coleoptera (Mawdsley, 2003; Suinyuy et al., 2009) and lepidoptera (Winfree et al., 2011), 
and they may be either specialists or generalists.  
 
Pollinators contribute to production in 75% of crops (Klein et al., 2007). About 87.5% of 308 006 
species of angiosperms receive pollination benefits by animals, and particularly insects (Ollerton 
et al., 2011). In  2005, the economic value of pollination service estimated to be around 172 USD 
billion for the world agriculture production (Gallai et al., 2009), which fruits, nuts, vegetables, 
edible oil crops and stimulant crops being major service beneficiaries (Irshad & Stephen, 2014). 
However, current studies have reported the increase in value of animal pollination to global crop 
production by additional USD 235 – 577 billion yearly (Lautenbach et al., 2012; Potts et al., 2016). 
The increase in yield is accomplished when pollinators move pollen grains between anthers and 
stigmas of flowers and thus enabling fertilization process to occur (Kevan, 1999; Klein et al., 2007; 
Power, 2010). However, conventional technologies that rely on agrochemical inputs degrade most 
of ecosystem services and goods from non-crop vegetation (Basu et al., 2016; Cusser et al., 2016; 
Dale & Polasky, 2007; Krauss et al., 2011; Potts et al., 2016; Winqvist et al., 2012). Therefore, 
proper management and conservation of the agricultural ecosystems is necessary to ensure 
sustainable provisioning of pollination services and associated benefits.  
2.3 Knowledge among Farmers on the Importance of Pollinators in Crop Production 
Knowledge of pollinators and their importance in crop production is important for smallholders to 
fully understand the relationship between pollinating insects and agricultural productivity and the 
conflicting impacts of conventional inputs such as pesticides and herbicides. However, evidence 
of farmer knowledge about pollinators is scarce, and in many regions this knowledge maybe 






knowledge about the importance of beneficial insects as far as crop production is concerned 
(Munyuli, 2011; Otieno et al., 2011). Instead, they see insects in a broadly negative and collective 
way as crop pests or disease vectors (Marques et al., 2017; Smith et al., 2017). However, 
knowledge enhancement through training is possible (Mvena et al., 2013), and such techniques 
can be used to equip farmers and enrich their understanding about pollinators. Training of school-
age youths by professionals about the identity and importance of common pollinators using school 
gardens, demonstration field plots, entomological specimens and audio-visual resources also can 
help to build students’ knowledge and use it at older age (Marques et al., 2017). In other areas for 
example, local beliefs, local ecological knowledge and social protection techniques have been used 
to protect pollinators in horticultural landscapes (Tengö & Belfrage, 2004). However, to make the 
system work better in smallholder farming systems there is a need for knowledgeable extension 
officers and pollination ecologists to spread the knowledge about the role of pollinators in crop 
production which may help to change farmers’ negative perceptions of insects, facilitating on-farm 
conservation of beneficial insects for improved pollination services.  
2.4 Importance of Non-crop Vegetation in Maintaining Pollination Service 
Non-crop agricultural landscapes provide refuge, nesting sites and forage for beneficial insects 
(Gillespie et al., 2016; Gurr et al., 2003; Landis et al., 2000; Nicholls & Altieri, 2013; Paredes et 
al., 2013; Sidhu & Joshi, 2016). The presence of suitable habitats around crop fields can support 
large communities of pollinators leading to increased interactions with nearby crops (Denisow & 
Wrzesień, 2015; Otieno et al., 2011, 2015), enhanced pollination services, and ultimately, higher 
yield (Dar et al., 2017; Garibaldi et al., 2013; Kevan et al., 1990; Kevan, 1999; Klein et al., 2007; 
Ricketts, 2004). Moreover, many beneficial insects interact with non-crop vegetation as they build 
their nests and dwell on non-crop habitats adjacent to crops (Denys & Tscharntke, 2002; Klein, 
2009; Marshall & Moonen, 2002). To keep the pollinator-plant interaction persisting, there is a 
need to enhance plant diversity and thus ensure adequate forage for pollinators (Rands & Whitney, 
2011). In agricultural landscapes where vegetation density and pollination services have been 
lowered due to human activities (Kovács-Hostyánszki et al., 2017), planting of native flowering 
plants along the farm edges may further provides basic requirements for pollinators (Denisow & 






even when crops in the field are not blooming (Hannon & Sisk, 2009; Sidhu & Joshi, 2016), 
therefore, these plants should be well recognized when managing the farmland.  
2.5 Other Ecosystem Benefits Associated with Non-crop Vegetation  
Effective management of field margins to maintaining non-crop vegetation is important in 
providing requirements for pollinators, but field margins also provide multiple ecosystem services, 
for example, in some AEI systems, Desmodium spp. have been reported to control parasitic striga 
weeds in a mixed cereal-legume cropping systems (Khan et al., 2011; Pickett et al., 2014; Tsanuo 
et al., 2003). Species such as Solanum nigrum (Ashagre et al., 2016; Mavengahama et al., 2013), 
Bidens pilosa (Mavengahama et al., 2013), Galinsoga parviflora (Jaca & Kambizi, 2011) and 
Amaranthus spp. (Bvenura & Afolayan, 2015) have been consumed as a wild vegetables in 
smallholder farming systems. Moreover, while most of natural enemies’ larvae are carnivorous 
(Harris, 1991; Van Rijn & Wäckers, 2016), some plant species can support great number of adult 
insects by providing alternative nectar and pollen (Gurr et al., 2016; Paredes et al., 2013; Rijn et 
al., 2013). Field margin may consist of various plants with pesticidal properties such as Ageratum 
conyzoides L. (Rioba & Stevenson, 2017), Tagetes minuta L. (Phoofolo et al., 2013; Silveira et 
al., 2009), Tithonia diversifolia (Hemsl.) (Green et al., 2017; Mkindi et al., 2017), Hyptis 
suaveolens (Pavunraj et al., 2014), Bidens pilosa (Mkindi et al., 2017) which can be used as 
botanical pesticides to control pests. Also, marginal plants can directly repel pests and block them 
from reaching the nearby crops but they can also suppress pests when intercropped with the key 
crops (Ratnadass et al., 2012; Silveira et al., 2009). When conserved and maintained around 
farmlands, farmers may be assured to obtain continuous natural ecosystem services and associated 
benefits from natural vegetation for improved food production and farmers’ livelihoods. 
2.6 Factors Affecting Richness and Diversity of Pollinators in Agri-systems 
Global decline of both managed and wild pollinators in recent years has raised concern to both 
conservationists and ecologists (Dicks et al., 2013; Potts et al., 2010). The decline has been caused 
by a range of factors including agricultural intensification (González-Varo et al., 2013; Klein et 
al., 2007), climate and land use changes (De Palma et al., 2016; Sala et al., 2000; Weiner et al., 






and use of industrial pesticides (Henry et al., 2012; Whitehorn et al., 2012). A good understanding 
of these factors is necessary for planning appropriate conservation programs as well as setting 
priorities both at national and global scale (Archer et al., 2014).  
2.6.1 Climate Change 
There is evidence from other regions of the world like North America showing that climate change 
has impact on pollinator populations (FAO, 2016; Sala et al., 2000). Extreme weather may affect 
the overall ecosystem functioning and performance due to damages of biodiversity and other 
abiotic components within the system (Garcia et al., 2014; Jentsch & Beierkuhnlein, 2008). 
Changing the ecosystem functioning not only disrupts the distribution and abundance of 
pollinators but also their effectiveness (Millennium Ecosystem Assessment, 2005). Climate 
changes may affect pollination service provisioning in agro-ecosystems by changing pollinators’ 
community composition (Harrison & Winfree, 2015). In many African countries, information on 
pollination ecology and especially at country level is scarce. The extent to which climate change 
has impacted the availability of food and other essential requirements for wild pollinators in 
smallholder farming systems has not been clearly discussed. Information on the magnitude in 
which the pollination networks have been affected by change in climate for tropical crops and 
plants is still unclear (FAO, 2016). Since we need to understand the correlation between changing 
in climatic factors and pollinators within the ecosystems, there is a need to clearly explore the 
mechanism behind this relationship. For instance, it has been reported that temperature controls 
the access of pollinators to food resources (Classen et al., 2015) and may also affect visitation rate 
of both Lepidopterans and Hymenopterans when it increases (Pandit & Choudhury, 2001). 
However, to what degree of temperature change will continue to favour pollinators’ activities 
needs a detailed investigation. Continued rise of global warming is expected to be more detrimental 
in the tropics, where biological diversity is also higher (Deutsch et al., 2008). Populations of 
insects confined in tropical lowland areas that experience low and highly variable temperature, are 
projected to undergo severe declines due to their inability to tolerate changes in temperature 
(Bonebrake & Deutsch, 2012). Nevertheless, basic information on the ecological consequences of 
increasing temperature on pollination ecology is still limited (Hegland et al., 2009). It is also 






and quantity of the pollen produced by flowering plants when subjected to extreme temperature. 
All these issues need to be addressed for a better understanding of possible detrimental factors 
related to climatic perturbations. 
2.6.2 Parasites and Fungi in Bees 
Pollinator activity can be lowered by diseases and/or parasites as they affect metabolic activities 
that determine their performance (González-Varo et al., 2013). Parasites such as varroa mites have 
been reported to affect bee colonies in South Africa (Allsopp, 2004). The threat is even higher 
when a disease happens to affect multiple host species from managed to wild pollinators. A study 
conducted by Graystock et al. (2013) has found the ability of disease infection, Nosema ceranae 
between different pollinator species of bumble bees and honey bees. Anderson and Giacon (1992) 
also highlighted the effect of diseases on pollinators’ population. However, sufficient information 
on this area is still lacking particularly in tropical region (FAO, 1995). Identifying common 
diseases and parasites threatening survival of pollinator species particularly in understudied areas 
in smallholder farming systems of tropical Africa, may help to understand the level of the problem 
and thus suggesting appropriate solution to reduce infections and spread among other vulnerable 
pollinator species.  
2.6.3 Use of Synthetic Pesticides in Agricultural Lands 
Synthetic agricultural pesticides may contain potent chemicals that affect both beneficial insects 
and plant biodiversity (Iwasa et al., 2004; Pisa et al., 2015; Schmitz et al., 2014). For example, 
systemic pesticides have reported to change vegetation structure since they inhibit normal plant 
growth by affecting their respiration, roots and shoots elongation, nutrients uptakes as well as 
biological component of the soil (Ahemad & Khan, 2012; Lichtenstein et al., 1962; Siddiqui & 
Ahmed, 2006). Pesticides can kill insect pollinators directly or by reducing their foraging 
efficiency and behaviour (Henry et al., 2012; Kovács-Hostyánszki et al., 2017). Pollinators that 
forage around agricultural fields are more susceptible to pesticides than those whose range does 
not extend to cultivated area (Krupke et al., 2012).  For instance, extensive use of neonicotinoids 
and pyrethroids in commercially cultivated land has contributed so much to the loss of pollinators 






Whitehorn et al., 2012). When sprayed, pesticides contaminate both nectar and pollen grains, 
which are primary food source for adult pollinators and their larvae (Chauzat et al., 2006; 
Choudhary & Sharma, 2008; Tosi et al., 2018). The level of contamination is intensified when 
contaminated pollen grains are transported into the hive and it may wipe the whole colony (Krupke 
et al., 2012). This pesticide is highly neurotoxic and has reported to affect foraging activities of 
both honeybees and other wild pollinators (Van der Sluijs et al., 2013). Apart from bees, these 
pesticides are reported to repel important pollinating diptera and coleoptera species from visiting 
flowers of contaminated plants (Easton & Goulson, 2013). Generally, the overall body functioning 
of the insects are affected following exposure to neonicotinoids and thus leading to reduced 
pollination services (Stanley et al., 2015). However, high agricultural intensification has 
influenced application of combined pesticides which severely cause death of many pollinator 
species (Gill et al., 2012). For example, in North America and European countries, high level of 
pesticide application has been due to high crop production through extensive monoculture 
(Horrigan et al., 2002). In recent years, such agricultural methods are taking over even in 
developing countries replacing the traditional and sustainable ways farmers used to practice in 
previous decades. Although the main reason is to increase yields while minimizing production 
costs, it does not support agricultural biodiversity and it may cause agro-ecosystem damage in a 
long run (Richards, 2001).  
 
The adverse impact of agrochemicals is not only observed on pollinators’ community (Brittain et 
al., 2010; Otieno et al., 2011) but also the flora component of the ecosystem. Decreased plants 
visitation by pollinators has found to affect plants reproduction especially pollinator dependent 
plants (Lundgren et al., 2013). However, there are various ways to minimize or remove the effects 
of pesticides to agro-ecosystems. One way is to opt organic farming practice, which eliminate 
synthetic pesticides and encourage abundance and richness of pollinators in agro-landscapes 
(Kennedy et al., 2013). Likewise, all activities causing negative effects to the ecosystem reduce 
its capacity to provide natural services including pollination, erosion control, water purification, 
disease and pest control and storm protection (Millennium Ecosystem Assessment, 2005). 
Therefore, all farming practices that increase crop yield while minimizing synthetic pesticides use 






pest control practices are among the best studied alternative methods to control pests rather than 
synthetic pesticides, which impoverish agro-biodiversity, particularly in Africa (Rioba & 
Stevenson, 2017). Although the effects of climate change on vegetation composition, and 
pollinators’ abundance and diversity were not explored here, this study could provide baseline data 
for future long-term assessment of non-crop vegetation and pollinators in the study region towards 
climate changes.   
2.7 Conservation Approaches towards Protection of Pollinators in Tropical Africa 
Although the African Pollinator Initiative was established to protect and promote African 
pollination systems (FAO, 2007), more studies have concentrated in few countries including South 
Africa and Kenya (Kiatoko et al., 2014; Melin et al., 2014; Mwangi et al., 2016; Ollerton et al., 
2003, 2011; Otieno et al., 2011). However, these studies have focused mainly on honeybees (Asiko 
et al., 2017; Eardley et al., 2009; Kasina et al., 2009) with little attention to other wild pollinators, 
which also have significant impact in crop production (Larson et al., 2001; Winfree et al., 2011). 
Generally, management of pollinators’ habitats such as hedgerow margins, sowing of flower strips, 
establishment of forest corridors shall be among the topmost pollinators’ conservation approaches 
(Briggs et al., 2013; Feltham et al., 2015; Heath et al., 2017; Kennedy et al., 2013; Westphal et 
al., 2015) in agro-landscapes of tropical Africa. In process of restoring the habitats, plant species 
that blooms throughout the year in farmlands that support diverse pollinator taxa should be selected 
(Dixon, 2009; Peters et al., 2013). In areas with severe habitat destruction due to agricultural 
intensification, farming systems that accommodate the agro ecological principles could help to 
restore damaged pollinator habitats (Nicholls et al., 2016; Peters et al., 2013; Scheper et al., 2013). 
The presence of suitable habitats will definitely favour many pollinator communities due to 
sufficient food, mating and nesting sites (Ashworth et al., 2009; Brosi et al., 2015; Kasina et al., 
2009; Raina et al., 2011). It should be clear that availability of specific life requirements for 
specific group of pollinators could largely limit the richness and distribution of each specific group. 
For example, the population of hoverflies can be determined by availability of floral resources for 
both adult and larval food rather than nesting sites (Holzschuh et al., 2016) but solitary bees 
distribution and abundance can be limited primarily to availability of nesting sites (Steffan-






Typically, when conserving pollinators’ habitats, both rare and endangered pollinator species can 
be protected from extinction and at the same time increasing pollination for agricultural 
production. Policies which encourage management of pollination services are urgently needed to 
maximize the yield of important crops for improved food security (Dicks et al., 2016; Kasina et 





















MATERIALS AND METHODS 
3.1 Materials 
3.1.1 Description of the Study Area 
The study area was located in Moshi Rural District, Kilimanjaro in northern Tanzania (3.2468 - 
3.3481° S, 37.5044 - 37.5411° E) (Fig. 1). The study sites were selected and categorized into three 
agricultural zones based on the elevation gradient; low zone (< 1000 m), mid zone (1000 – 1500 
m) and high zone (1500 – 1800 m), since agricultural management practices and land use changes
from lowlands to the highlands (Pabst et al., 2013; Soini, 2005). Farmers involved in this study 
were those who grew common beans (Phaseolus vulgaris L.) on the slopes of Mt Kilimanjaro 
either as pure stand or mixed with other crops in small-sized farms ranging between 0.10 to 1.01 
hectares. The main economic activity was agriculture, but most households also kept livestock 
mainly cattle and goats for milk and organic manure (Hemp, 2006b).  
Figure 1: A map showing location of the study area 
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3.2 Methods 
3.2.1 Evaluating the Awareness and Knowledge Gaps among Smallholder Farmers on the 
         Importance of Pollinators in Bean Agri-systems 
(i) Preparation and Designing of Household Survey 
The survey involved 300 smallholder farmers growing bean crops in the study area. Names of 
farmers were obtained from the village offices located in each zone with the help of the local 
agricultural extension officer from each respective village. The survey covered three zones; Mbahe 
(high zone), Mieresini (mid zone) and Makuyuni (low zone) purposely to include a varied 
elevation area along slopes of Mt Kilimanjaro where common beans is widely cultivated. In each 
zone, 100 farmers who were willing to participate in this study were selected, with the principal 
criterion being “growing a bean crop”. The number of farmers in each zone was obtained using 
common sample size formula calculated from list of all bean growers in the study area. Research 
permits were requested and granted by local government authority prior to commencement of this 
study. The questionnaire comprised two main sections; demographic and principal questions based 
on the study theme. The collected demographic information and the main questions aimed to 
understand farmers’ knowledge and attitudes regarding pollinators and their importance in crop 
production, field margin management and farming practices, beneficial plants around farmland 
and their usage, and socio-economic importance of bean crop in improving livelihood of 
smallholder farmers. In general, these questions were framed purposely to enable us to understand 
farmers’ knowledge and attitudes towards pollinators but also the overall tropical agricultural 
management systems that may enhance or reduce pollination services around bean fields.  
To understand farmers’ awareness of common pollinators found in their bean fields, both printed 
coloured pictures (a good resolution photograph printed on to A4 paper) and a pinned specimen of 
each insect guild was shown to the respondent for identification during interview. Each respondent 
was asked to identify every insect by either using local or Swahili name and explain its importance 
as far as bean production was concerned. Three pollinator specimens were collected from bean 
fields one week before interviews, using the specific taxa of: honeybee (Hymenoptera: Apidae: 
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Apis mellifera), hoverfly (Diptera: Syrphidae: Eupeodes spp) and solitary bee (Hymenoptera: 
Megachilidae: Megachile spp).  
(ii) Training of Interviewers 
A total of ten MSc students from Nelson Mandela African Institution of Science and Technology 
(NM-AIST), Tanzania conducted the interviews with farmers in the study area. Prior to actual data 
collection, all interviewers were trained by researchers for two days at NM-AIST on ethics and 
data collection techniques so as to obtain quality data while maintaining a good relationship with 
the farmers’ community. After training, the interviewers undertook two days pilot session in a 
nearby village in order to test questionnaires, familiarise with questions but also for researcher to 
evaluate the ability of each interviewer to do the work. 
(iii) Field Data Collection 
A total number of 300 farmers (118 males and 182 females) involved in this study were 
interviewed between April and May 2016. After obtaining informed consent, farmers were 
interviewed using the pre-tested structured questionnaire using Swahili language (Tanzanian 
national language which all farmers spoke as either a first or second language with good fluency). 
Farmers were interviewed face-to-face at their home, and later the interviewers visited their bean 
field(s) to record and measure the size of the farm and status of the field margins. Information 
obtained from field observations and personal communication were also included and discussed 
here.  
(iv) Training of Smallholder Farmers and End-line Survey 
To enhance farmers’ knowledge, a training component about pollinators and their importance in 
crop production, sustainable management of field margins and their value in supporting beneficial 
insects in bean agri-systems was included. To minimize the impacts to beneficial insects of current 
practices, alternative methods and practices to manage field margins as well as the use of non-
synthetic pesticides, which are less harmful to beneficial insects and the surrounding environment 
were discussed. The training was done between March and April 2017; one year after baseline 
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survey and it involved same 300 farmers who were interviewed during our baseline survey. It was 
a participatory training and farmers were free to share their experience and opinions during indoor 
and field sessions. Printed coloured picture of insects, entomological box (with insect specimens) 
and beneficial field margin plants were among tools used during training. 
3.2.2 Assessing the Efficacy of Insect Pollination on Common Bean Yields in Bean Agri 
         systems 
To evaluate the effects of different pollination systems on bean yield, a local variety (Kariasii) of 
common beans (Phaseolus vulgaris) were planted in a randomized complete block design. Four 
experimental plots each of 9 m x 16 m (144 m2) were established at each elevation zone along 
slopes of Mt Kilimanjaro. The experiment involved three treatments: Insect/open-pollination 
(open), hand-pollination (hand) and self-pollination (self). Each treatment involved 4 bean plants 
growing in a plot size of 2 m2 and there were four replications per treatment. In the self-pollination 
treatment, bean plants were individually bagged with polyethylene net (A to Z Textile Ltd., 
Tanzania, mesh width: 0.4 x 0.7 mm) before the onset of flowering to allow self-pollination (Perrot 
et al., 2018). In the hand-pollination treatment, we used a technique adopted by local plant breeders 
where anthers containing matured pollen were rubbed against the stigmas, but unlike in breeding 
processes (Drayner, 1956; Luo et al., 2007), the buds were not emasculated for maximum 
pollination to occur. Pollen grains used to pollinate beans in hand-pollination treatment blocks 
were collected from bean flowers of the same variety grown outside the experimental plot. Beans 
were inspected every two days and all newly opened bean flowers under this treatment were 
pollinated. The open treatment involved random selection of same number of bean plants, but 
unlike the other two treatments, each bean plant was tagged and left unbagged to allow visits by 
insects. All sites were selected based on their management history and to avoid the effects of yield 
influencing factors such as soil fertility, all experimental plots were managed in the same way. 
The nets were removed after pod set and when flowers had begun to wither and fall. Beans from 
each treatment plot were harvested after reaching senescence and the mean number of pods per 
plant, seeds per pod and weight of 30 representative dry seeds were calculated to determine the 
treatment effect. The yield data were then converted according to typical planting density to 
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calculate yield per hectare. To obtain the average income, we visited three local markets in the 
study area and the average price of beans was around 1518 TSh per kg. This value was then used 
to calculate the differences in average income generation per hectare if beans harvested from each 
treatment plot would have been sold in the local markets.  
3.2.3 Assessing the Movement of Flower Visitors in the Field 
Fluorescent dye tracking of flower visitor movements was carried out to determine the extent to 
which bean pollinators interacted with field margin plants. A total of 12 sites in a small-scale bean 
farming area located along the slope of Mt. Kilimanjaro, were selected for this experiment, with 4 
at each elevation. The non-crop vegetation along field margins comprised native and non-native 
plant species including herbs, shrubs and scattered trees. Most herbaceous plants and shrubs grew 
naturally along margins while the tree species either grew naturally or were purposely planted by 
the farmer/owner to offer benefits including boundary delineation, food or firewood. 
Yellow fluorescent pigment (Topline Paint Pty Ltd, Lonsdale SA, Australia, supplied by 
SprayShop, Dry Creek SA, Australia), was applied at a rate of 1 L of dye per 100 L of water. 
Agricultural backpack sprayer (Taizhou Kaifeng Plastic & Steel Co., Ltd, Taizhou, China, supplied 
by Bajuta International Tanzania Limited, Arusha, Tanzania) was used to spray the dye on to the 
non-crop vegetation in the field margin. This dye remains on leaf and petal surfaces of plants in 
the field margin until an insect alights, at which point it rubs off on to the surface of the plant 
visiting insect (Rader et al., 2011; Schellhorn et al., 2004). The sprayed area was approximately 3 
m wide along a 50 m strip during which 15 L of solution was sufficient to treat the whole 
designated area i.e., one margin of the field. The spraying time was between 1000 h and 1500 h 
when the temperature was moderate and most insects were actively interacting with flowers 
(Nielsen et al., 2017) and the activity was carried out during the period when beans were at the 
50% flowering stage. The timing was chosen to ensure there was maximum potential for 
interaction between pollinators and the crop when measuring their use of the field margin.  
Insects were sampled from the crop using sweep-nets 24 h after spraying margins with fluorescent 
dye and repeated for three consecutive days. Samples were taken at four distances from the edge 
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bordering the sprayed field margin i.e. 0 m, 10 m, 20 m, and 40 m (Perović et al., 2011). At each 
distance, the sampling transects, 50 m long and 3 m wide ran in parallel with the control transect 
(i.e. field-margin edge, 0 m) were surveyed using sweep nets between 10.00 and 15:00 hrs. Insects 
were sampled when the weather was sunny with moderate ambient temperature of above 22 °C to 
avoid the effects of low temperature which reduce foraging activity of most insects (Mellanby, 
1939). The collected samples were killed on site with ethanol-soaked tissue in a vial, kept in a 
minus 20 °C freezer and later sorted for identification in the lab. Each insect sample was inspected 
for pigment under UV light. The insect was considered marked (to have pigment) when a clear 
drop pattern of the dye observed on any part of the body while samples found to have small-
scattered stains were disregarded as unmarked and were considered contaminated during sampling 
in sweep net (Heimoana et al., 2017; Schellhorn et al., 2004).  
3.2.4 Evaluation of the Complexity and Stability of Plant-pollinator Networks in Bean 
         Agro-systems  
The study involved 24 sites located in three elevation gradients; low zone (< 1000 m), mid zone 
(1000 – 1500 m) and high zone (1500 – 1800 m). Since agricultural management practices, 
weather, vegetation composition and land use may vary from lowlands to the highlands, including 
wide area where beans are cultivated was necessary to understand the complexity and stability of 
networks in three different agro systems. Each zone had eight sites and every site was bordered by 
margin of herbaceous weeds, shrubs and trees. To quantify the interactions between insect 
pollinators and plant species across these zones, two methods were used. The first method involved 
systematic random sampling where 1 m2 plots was established at the center of one of the field 
margins in each site to record flower-visitors’ interactions. In this method, any interaction or visit 
within a plot was recorded for a period of one hour. Recording of plant-pollinators interactions 
was done during daytime between 1000 h and 1500 h because it is the time where ambient 
temperature is moderate and most of pollinators are active. A visit was defined to have occurred 
when the visitor’s body came into contact with reproductive organs of the flower (Lundgren et al., 
2013). The second method involved the establishment of walking line transects between the edge 
of field margin and bean field. The transect width was 2 m (1 m to the field and 1 m to the 
margin perpendicular to the transect line) while the length followed the size of the field. The 
research used 
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human to observe and record the interaction between plants and pollinators. Data were collected 
in three stages (pre-ploughing, flowering and podding stages) for two seasons in two consecutive 
years from March, 2016 to October, 2017.   
3.2.5 Assessing the Diversity and Richness of Pollinators in Association with their Host 
         Plants across Three Zones 
(i) Insects Survey and Sampling Strategy 
To determine the richness and diversity of insect pollinators in three bean agro-systems; low zone 
(< 1000 m), mid zone (1000 – 1500 m) and high zone (1500 – 1800 m), pan trapping method was 
used (Westphal et al., 2008). Line transects were established in 24 bean farms (eight farms in each 
zone). At each site, two transects of 50 m long were established, one in the field margin and another 
in the centre of the field perpendicular to the field margin. Pan trap “kit” were placed every 10 m 
along transect in each site. Each pan trap kit contained bright yellow, white and blue 500 ml plastic 
pans and half filled with water and few drops of detergent (i.e. washing up liquid) to break the 
surface tension of water. The kits were placed in the afternoon and left in the field for 24 hours 
before first sampling. The sampling was done after every 24 hours for two consecutive days (48 
hours) (Brittain et al., 2010). The captured insects were collected from each pan and stored into a 
separate labelled tube (site name, collection date, transect line name, trap number and pan colour). 
Unidentified specimens were collected, preserved in 70% ethanol for identification in the 
laboratory. Insects were sampled four times per season i.e. during pre-ploughing (before planting), 
seedling, flowering and podding stages.  
(ii) Vegetation Survey and Sampling Strategy 
To determine common flowering plants growing along field margins of bean crop in three agro-
system zones; low zone (<1000 m), mid zone (1000 – 1500 m) and high zone (1500 – 1800 m), 
line transects of 50 m long were established in 24 bean farms (eight farms in each zone). At each 
10 m measure, a quadrat (1 m2 by size) was systematically established to assess plant community 
in one of the field margins of each farm. Species coverage in each quadrat was determined using 
Domin scale (a system describing the cover of a species in a vegetation community). Vouchers of 
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unknown plant species were collected in duplicate and sent to National Herbarium of Tanzania, 
Arusha and Royal Botanic Gardens, Kew for identification. 
3.3 Data Analysis 
Multivariate analysis of variance (MANOVA) was performed to determine the overall effects of 
pollination systems on bean yields across the zones. MANOVA was used to compare between 
independent variables such as sites, season, zones and three treatments (open, hand and self-
treatments) which were dependent variables. A univariate ANOVA was then employed to 
determine significant differences in means between treatments on each dependent variable. 
However, various tests were used where ANOVA assumption conditions were not met. The 
Tukey’s honest significant difference (HSD) test was applied for multiple comparisons of means 
at 95% - confidence level to understand where those differences laid between pollination 
treatments. To test significant differences between farmers’ responses in three zones, a Kruskal-
Wallis rank sum test (KW) was performed (Sheskin, 2011). A Kruskal-Wallis was also used to 
determine the differences between the proportions of dye-marked versus unmarked insects by zone 
and sampling days. A Kruskal-Wallis rank sum test was used after the data were tested and found 
that they were normally distributed. To test for the effects of field margins vegetation on numbers 
of pollinators in the bean fields, generalized linear model with Poisson distribution was then used. 
Through bipartite (a package in R software), a two-dimensional matrix function (plotweb) was 
used to visualize the interactions between plants and flower visitors which were recorded during 
experiment. The ecological indices such as robustness, nestedness, degree of specialization, 
connectance for each zonal network were calculated using special function in R software known 
as network level. The network analyses were done to understand stability status of each zone 
networks using plant-pollinator interactions data.  
Simpson's Diversity Index (D) was used to determine insect species diversity and richness across 
the agro-ecosystem zones. 
! = # − ∑&(& − #))() − #)
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Where: 
D = Simpson's Diversity Index  
N = The total number of organisms of all species 
n = The total number of organisms of a particular species. 
Shannon Diversity Index (H) was used to determine plant species diversity and richness across 
the agro-ecosystem zones. 
H = - [∑ Pi ln Pi] 
Where: 
H = the Shannon diversity index 
Pi = proportion of each species in the sample 
lnPi = natural logarithm of this proportion  
The species evenness (E) was also calculated using the formula 
E = H/Hmax 
Where: 
E = Evenness 
H = Shannon Diversity Index 
Hmax (Maximum diversity possible) = ln(S)  
S = number of species/species richness 
Ln(S)= natural logarithm of species richness 
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CHAPTER FOUR 
 RESULTS AND DISCUSSION 
4.1 Results 
4.1.1 Farm Size, Gender and Age of Respondents 
The survey results which involved 300 respondents of which 61% (182) were female and 39% 
(118) male recorded no differences in knowledge between male and female respondents with 
respect to the identification of the three pollinators; honeybee (KW1 = 2.2546, p = 0.1332), hoverfly 
(KW1 = 0.0004, p = 0.9837), solitary bee (KW1 = 0.3467, p = 0.556). Similarly, there was no 
significant difference of knowledge between male and female respondents regarding the 
importance of pollinators in crop production: honeybee (KW1 = 1.9633, p = 0.1612), hoverfly (KW1
= 0.2960, p = 0.5864), solitary bee (KW1 = 0.0455, p = 0.831). It was also found that the age of 
farmers engaged in bean cropping was evenly distributed and the knowledge of pollinators 
between farmers did not vary significantly by age; honeybee (KW54 = 55.145, p = 0.4311), hoverfly 
(KW54 = 43.427, p = 0.8478), solitary bee (KW54 = 68.767, p = 0.0851). Likewise, there was no 
significant difference of knowledge by age between farmers in three zones of the importance of 
pollinators in crop production; honeybee (KW54 = 50.75, p = 0.6005), hoverfly (KW54 = 38.912, p 
= 0.9393), solitary bee (KW54 = 17.594, p = 1). Most farmers in the mid and high zones (64% and 
69% respectively) worked in farms of not more than 0.20 hectares whereas for farmers in the low 
altitude only 38% had farms of this size. The average farm size across all zones was 0.27 hectares. 
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Low Mid High 
Gender 
Female 77 57 48 
p = 0.002 
Male 23 43 52 
Age (year) 
18-40 39 54 44 
p = 0.431 41-60 46 44 42 
Above 60 15 2 15 
4.1.2 Farmers’ Knowledge of Common Pollinators before and after Training 
Overall, 77% of farmers identified the honeybee correctly while 5% identified it incorrectly and 
18% said they did not recognise the insect at all. Only 5% of farmers were able to correctly identify 
hoverflies, with 15% identifying it incorrectly and 80% did not recognise the insect. About 98% 
of the farmers were unable to identify solitary bee by any local or Swahili name while 2% 
identified the insect incorrectly. Generally, there was little variation in knowledge among farmers 
at different altitudes although significantly more farmers in mid zone (84%) recognised the 
honeybee compared with those in low (66%) and high (79%) zones (KW2 = 10.074, p = 0.0065). 
Also, there was no significant difference in knowledge of hoverflies (KW2 = 2.5695, p = 0.2767) 
and solitary bees (KW2 = 5.5397, p = 0.0627) between farmers at three different altitudes.  
One year after training, awareness of honeybees among smallholder farmers had increased by 34%, 
14% and 20% in low, mid and high zones respectively. Only 1% of farmers in the high zone 
identified the insect incorrectly and 2% of farmers in the mid zone were not aware of this insect. 
The results showed a significant increase in knowledge retention among farmers of hoverflies by 
25%, 49% and 73% in low, mid and high zones respectively, compared with pre-training results. 
It was found that only 39%, 22% and 24% of farmers who identified the insect incorrectly while a 
small group of farmers failed to do so (Fig. 2). There was a significant increase of knowledge of 
solitary bees where more farmers in the low zone (73%) were able to identify a solitary bee by 
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name compared with 59% in the mid and 55% in high zone. Even after training, 16%, 32% and 
30% of farmers were recorded in the low, mid and high zones who identified solitary bee 
incorrectly while a significantly lower number of farmers said they were unaware of the insect 
(Fig. 2). 
Figure 2: Farmers’ ability to recognize and identify common pollinators from photographs and 
specimens, before and one year after training activities, presented according to the 
three elevation zones 
4.1.3 Farmers’ Knowledge of the Importance of Pollinators in Crop Production before and 
         after Training 
Surprisingly only 53%, 56% and 45%, of farmers in the low, mid and high zones respectively, 
expressed awareness of the importance of honeybees as a crop pollinator. However, more 
alarmingly a significant minority of farmers identified honeybees as a pest and some did not know 
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farmers see all insects as problematic rather than beneficial. There was no significant difference in 
knowledge among farmers across three zones on the importance of honeybee in crop production 
(KW2 = 0.91476, p = 0.6329). Knowledge among farmers in the three zones regarding the role of 
hoverflies in pollination differed significantly (KW2 = 8.1048, p = 0.0174) with the majority of 
farmers being unaware of the insect. Only 14%, 7% and 1% of farmers in the low, mid and high 
zones respectively, recognised the insect as pollinators. No farmers responded to indicate any prior 
knowledge regarding the role of wild solitary bee species as crop pollinators while a minority 
identified solitary bees as crop pest (Fig. 3). There was no significant difference in knowledge 
between farmers in three zones regarding the importance of solitary bees as pollinators of crops 
(KW2 = 0, p = 1).  
One year after training, a significant increase in knowledge between farmers (KW1 = 27.675, p < 
0.001) was recorded where the majority, 95%, 92% and 98% of them in the low, mid and high 
zones reported understanding the importance of honeybees as crop pollinators. Variable 
knowledge between farmers regarding the importance of hoverflies in crop production were 
recorded and the majority of farmers recognised this insect as a pollinator (24% low, 18% mid and 
33% high), natural enemy of pests (18% low, 12% mid and 20% high) and others recognised it as 
both pollinator and natural enemy (22% low, 33% mid and 27% high). Knowledge about solitary 
bees was also enhanced and retained post-training with the majority of farmers, 52%, 65% and 
63% in the low, mid and high zones respectively, recognizing and reporting solitary bees as 
pollinators with only a minority of farmers still considered the insect a pest or were not aware of 
the insect at all (Fig. 3).  
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Figure 3: Farmers’ ability to articulate the importance of three different pollinator groups in bean 
production, presented before and after training activities had taken place, and 
disaggregated by elevation zone. Hoverflies are also a natural enemy (NE) 
4.1.4 Management of Field Margins in Bean Agri-systems 
In the baseline survey, farmers reported that they frequently cleared their field margins and the 
most common methods were cutting and burning (Fig. 4). There was significant variation in 
frequency with which low zone farmers cleared their field margins more frequently compared with 
those in the mid and high zones (KW2 = 17.598, p < 0.001). However, one year after training, fewer 
farmers, 55% and 32% in the low and high zones respectively, who cut their field margins were 
recorded while in the mid zone a slight increase were recorded although this was in concert with a 
significant reduction in the farmers burning field margins (Fig. 4). At the baseline, 8%, 33%, 5% 





























































































































low mid high low mid high low mid high







number decreased to 4%, 9%, 3% after training. No farmers applied herbicides to manage weeds 
in the field margins compared with pre- training where 1% and 3% of farmers in the low and mid 
zones respectively, did so.  
Figure 4: Farmers’ responses about their preferred methods used to manage field margins in bean 
agro-systems. NC=No clearing of field margin, NFM=No Field Margin 
4.1.5 Farmers’ Knowledge of the Role of Field Margin Plants in Bean Agri-systems  
It was found that 27%, 56% and 55% of farmers in the low, mid and high zones respectively, who 






































































flowering plants species such as Tithonia diversifolia, Ageratum conyzoides, Commelina foliacea, 
Neonotonia wightii, Bidens pilosa and Desmodium uncinatum were recorded along margins of 
bean fields and they were frequently visited by insects (Table 3), 64%, 35% and 31% of farmers 
in the low, mid and high zones respectively, declared that their bean field margins do not include 
beneficial plants. However, a minority of farmers (3%) in the low zone cited flowering plants as 
important while 9% in the mid zone reported the presence of beneficial plants but they were not 
able to describe them specifically, even using local names. A small group of farmers mentioned 
Thevetia peruviana, Acacia tortilis, Persea mericana, Azadirachta indica and Prunus spp. As 
beneficial plants found within and along their bean fields. Coffee (Coffea arabica), cassava 
(Manihot esclulenta), collard greens (Brassica spp.) and sunflowers (Helianthus annuus) were also 
listed as beneficial plants when intercropped with beans since they increased the number of 
honeybees in bean field. There was a statistically significant difference between the three zones in 
farmers’ knowledge of beneficial plants (KW2 =30.056, p < 0.001), with the majority of farmers in 
the low zone not mentioning beneficial plants in their field margins. Across elevation zones, 
farmers listed various benefits of field margin plants where more farmers in the high zone reported 
fodder and erosion control as major benefits from margin plants compared with low and mid zone 
farmers (KW2 = 27.753, p < 0.001). In the baseline survey, no farmers reported the importance of 
marginal plants in attracting pollinators. However, one year after training, between 7 and 11% of 
farmers who recognised the importance of these plants in promoting pollinators was recorded (Fig. 
5). 
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Figure 5: Farmers’ responses about the roles of field margin plants in bean agro-systems, presented 
before and after training activities had taken place, and disaggregated by elevation 
zone 
4.1.6 Farming Practices by Smallholder Farmers in Bean Agri-system 
In the baseline survey, approximately 75% and 87% of farmers in low and mid zones respectively, 
reported application of synthetic pesticides, whereas in the high zone few did so (Fig. 6). The most 
common pesticide products were Selecron 720EC (Profenofos), Karate 5EC (Lambda-cyhalothrin-
Pyrethroids) and Dursban 24ULV (Chlorpyrifos). The key advantages reported by farmers for 
using synthetic pesticides were not surprisingly their apparent efficacy at controlling pests but also 







































































farmers were aware of the dangers of using synthetic products. A minority of farmers didn’t report 
any drawbacks.  
Although the same farmers who were interviewed during the baseline survey were trained about 
the effects of synthetic pesticides application to beneficial insects, the results from end-line survey 
(one year later) indicate many farmers still applied these chemicals to control pests. However, a 
change in rates of application was recorded; the number of farmers who did not apply these 
products increased to 41% and 52% in the low and mid zones respectively, from 25% and 13% at 
baseline, while less change was recorded in the high zone where little pesticide was used at the 
outset (Fig. 6).  
Figure 6: Farmers’ responses regarding application of synthetic pesticides in bean agro-systems 






































































On the other hand, only a small number of farmers using organic and/or botanical pesticides were 
recorded (Fig. 7). The farmers who did use these reported that their being less toxic and affordable 
as major reasons for adopting them. Organic pesticides reported included ash, cattle urine and dung 
and botanicals made from a part of or the whole plant that has insecticidal and/or repellent 
properties. Farmers mentioned plants such as Tithonia diversifolia, Azadirachta indica, Tephrosia 
vogelii, Tagetes minuta and Aloe vera as common botanical pesticides in the area. One year after 
training, a significant increase in number of farmers who either applied botanicals, organic 
pesticides or a mixture of botanicals and organic pesticides to control pests were recorded (Fig. 7). 
Figure 7: Farmers’ responses regarding application of non-synthetic pesticides in bean agro-





































































4.1.7 Socio-economic Importance of Bean Crop to Smallholder Farmers 
Beans were equally popular across the zones (KW2 = 2.5383, p = 0.2811) and were important for 
food security as well as income. The results showed that 51%, 60% and 21% of farmers in low, 
mid and high zones respectively, earned an income up to 100 USD after selling beans in the local 
markets during the first season of 2016. Although some farmers were earning up to 400 USD per 
cropping harvest, 36% of farmers in the low, 29% in the mid and 80% in high zones did not earn 
any income in that particular season. Consequently, only 1% and 2% of farmers in the low and 
mid zones respectively, earned more than 300 USD during the season. There was significant 
variation in income earned by farmers across three zones after selling beans during this season 
(KW2 = 49.564, p < 0.001). The majority of farmers in high zone did not have enough beans to sell 
in the market after taking what they needed from their harvest. For those who sold beans their 
income was mainly spent on clothes, food, household supplies, paying school fees for their 
children, building or renovating their houses and medical services.  
4.1.8 Effects of Pollination Service on Bean Yield in Smallholder Farming Systems 
Open pollinated plants bore the highest number of pods, had the highest mean number of seeds per 
pod, and the weight of seeds was also highest, compared to the self-pollinated treatments (pods: 
F1 = 166.5, p < 0.001; seeds: F1 = 101.9, p < 0.001; weight: F1 = 38.08, p < 0.001). Hand-pollinated 
beans did not differ significantly from the open pollinated treatment except on weight of seeds 
(Fig. 8). Increase in weight in open pollinated beans is an indication of improved seed quality and 
yield brought about by pollinating insects (Bartomeus et al., 2014). The highest pod count, 
bean/pod count and seed weight (g) overall was consistently recorded from the open-pollinated 
plants in the mid-zone (Fig. 9-11). Although there were significant differences among zones (F2 = 
26.604, p < 0.001), there were no significant interactions between treatments and the zones (F4 = 
0.565, p = 0.8709). 
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Figure 8: Bean yield parameters, means (±SE) number of pods, and number of seeds and weight 
of 30 seeds for each treatment. The treatments are: open-pollination (open), hand-
pollination (hand) and self-pollination (self). The error bars on top of the means 
measure the Least Significant Difference (LSD). Pollination treatments are considered 
significantly different if the error bars do not overlap (p ≤ 0.05) 
Figure 9: Box-plots comparing number of pods per plant between three pollination treatments in 
P. vulgaris: hand, open and self-pollination. Thick black lines within the boxes 
represent median values; the upper and lower limits of the boxes represent 1st and 3rd 
quartiles respectively. High, low and mid refer to agro ecological zones 
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Figure 10: Box-plots comparing number of seeds per pod between three pollination treatments in 
P. vulgaris: hand, open and self-pollination. Thick black lines within the boxes 
represent median values; the upper and lower limits of the boxes represent 1st and 3rd 
quartiles respectively. High, low and mid refer to agro ecological zones 
Figure 11: Box-plots comparing weight (g) of 30 seeds between three pollination treatments in P. 
vulgaris: hand, open and self-pollination. Thick black lines within the boxes 
represent median values; the upper and lower limits of the boxes represent 1st and 3rd 
quartiles respectively. High, low and mid refer to agro ecological zones 
When the bean yields per plant were extrapolated to field level, the increase in kg/ha as a result of 
insect flower visits became particularly apparent (Table 2). There was an increase in mean yield 
per hectare from 681 kg in self-pollinated beans to 1478 kg in open-pollinated beans. Furthermore, 
the amount of beans harvested from open-pollinated treatments exceeded those in hand-pollinated 
treatments suggesting that while pollinators are potentially a major yield limiting parameter where 
they are absent that there is no pollinator deficit or pollen limitation in the study area. Due to 
increased bean yields following insect pollination, improved income among smallholder farmers 
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in the study area associated with landscapes that maximise pollinator services is possible. The 
calculated average income per hectare was higher in open-pollinated bean plots compared with the 
other treatments. Overall, the results revealed that insect pollination provides a major contribution 
to bean yields and is an essential ecosystem service in improving bean yields and food security in 
bean agro-systems. 
Table 2: Comparisons of average of bean yield between three treatments (open, hand and self) per 
hectare. The average price (1518 TSh per kg) obtained from three local markets in the 




Average bean yield 
(kg/ha) 
% Increase in bean 
yield 
Average Income ha-1 (USD) 
Open 1478 117 1020 
Hand 1131 66 780 
Self 681 - 470 
4.1.9 Movement of Pollinators between Field Margins and Bean Field 
A total of 980 insects were sampled during the fluorescent dye assessment of which 327 were 
flower-visiting taxa that may be pollinators.  Pollinators were observed under UV light and a total 
number of 203 (62%) insects tested positively (dye-marked) and 124 (38%) insects tested 
negatively (unmarked). Higher numbers of sampled insects (133) were recorded at the mid zone 
compared to the low (122) and high zone (72). However, the number of dye-marked insects did 
not vary significantly between the zones (H2 = 2.926, p = 0.2315) similarly to the total number of 
sampled insects (H2 =1.792, p = 0.4082). Honeybees (Apis mellifera) (Plate 1) were the most 
frequently sampled dye-marked insects across the zones where a total of 103 (51%) individuals 
were collected during three days of sampling. Insects including small bees (Hymenoptera: 
Halictidae and Apidae) were often collected while carpenter bees (Hymenoptera: Apidae: 
Xylocopa sp.) and cuckoo wasps (Hymenoptera: Chrysididae) were the least sampled species 
during this assessment. Other flower visitors included Amegilla bees (Hymenoptera: Apidae: 
Amegilla sp.), bee flies (Diptera: Bombyliidae), hoverflies (Diptera: Syrphidae) butterflies 
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(Lepidoptera), moths (Lepidoptera) and a diversity of small solitary bees (Hymenoptera: Apoidea). 
The number of dye-marked insects did not vary significantly between sampling days (KW2 = 3.963, 
p = 0.1379). However, a GLM test showed that the number of marked insects caught varied 
significantly by distance from the margin (Z214 = -3.492, p = 0.0005) with most marked individuals 
being sampled nearer to field margins (Fig. 12). The results also demonstrated that bees were the 
most abundant dye-marked pollinating insects than any other taxa (Fig. 13).   
Figure 12: The effects of field margin position on numbers of flower visitors in bean field (field 

































Figure 13: The proportion of dye-marked insects by functional group collected during fluorescent-
dye experiment in bean agro-systems 
4.1.10 Richness and Diversity Common Flower Visitors in Bean Agri-systems 
With trapping method, a total number of 3830 individual insects were recorded during the entire 
sampling period in bean agro-systems.  Wasps (Hymenoptera) (38.19%) were the most abundant 
flower visitors followed by small bees (Hymenoptera: Halictidae and Apidae) (30.08%), moths 
(Lepidoptera) (9.69%), bee flies (Diptera: Bombyliidae) (8.88%), solitary bees (Hymenoptera: 
Megachilidae: Megachile sp.) (4.91%), honeybees (Hymenoptera: Apidae: Apis mellifera) 
(3.45%), carpenter bees (Hymenoptera: Apidae: Xylocopa sp.) (1.96%), hoverflies (Diptera: 
Syrphidae) (1.49%), butterflies (Lepidoptera)) (0.78%), amegilla bees (Hymenoptera: Apidae: 
Amegilla sp.) (0.34%) and cuckoo bees (Hymenoptera: Halictidae) (0.23%). There was a 
significant difference in number of insects collected between three pan colours (KW2 = 172.23, p 
< 0.001) where most insects were recorded from yellow pans (44.43%) followed by white 
(33.42%) and blue (22.15%). Wasps, small bees, moths, bee flies, solitary bees were mostly 
attracted by yellow colour while white colour attracted most honeybees, butterflies and hoverflies. 
There was a significant difference in the number of insects sampled between three elevation zones 































followed by the low zone (34.44%) and lastly the mid zone (27.17%). Also, the number of insects 
collected between margins and bean fields varied significantly (KW1= 14.002, p = 0.0002) whereas 
more insects were collected in the margins (55.25%) than in bean field (44.75%). However, there 
was no significant difference in number of insects collected between traps established along field 
margins of each zone; low zone (KW4= 2.5814, p = 0.6301), mid zone (KW4 = 2.1435, p = 0.7094) 
and high zone (KW4= 1.8584, p = 0.7618). However, all three zones had high insect diversity with 
the highest Simpson’s diversity (D) value being seen in the mid zone (D = 0.7724) compared to 
the low (D = 0.7275) and high zone (D = 0.7065).  
As far as the vegetation analysis was concerned, the Shannon diversity index showed that the high 
zone had high plant diversity (H), high richness (S) and high species evenness (E) (H = 3.44, S = 
42, E = 0.92) compared with the mid zone (H = 2.99, S = 39, E = 0.82) and low zone (H = 2.76, S 
= 37, E = 0.76). However, plant species dominance varied between zones whereas Sida 
rhombifolia (Family: Malvaceae) dominated the low zone while Asystasia mysorensis (Family: 
Acanthaceae) was dominant in the mid zone and Ageratum conyzoides (Family: Asteraceae) in the 
high zone. Other common flowering plants recorded during botany survey are presented in Table 
3.
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Table 3: Common flowering plants sampled during botanical survey along field margins of bean fields. The plant species presented here 
Acacia tortilis (Forssk.) Hayne Fabaceae 
  Ageratum conyzoides L. Asteraceae FE20 
Amaranthus hybridus L. Amaranthaceae  
Bidens pilosa L. Asteraceae FE08 
Commelina foliacea Chiov. Subsp. 
Foliacea 
Commelinaceae FE14 
C mmiphora spp Burseraceae 
Conyza bonariensis (L.) Cronquist Asteraceae FE04 
Desmodium intortum (Mill.) Urb. Leguminosae FE26 
Desmodium uncinatum (Jacq.) DC. Leguminosae 
Galinsoga parviflora Cav. Asteraceae 
Cleome gynandra L. Cleomaceae 
Hyptis suaveolens (L.)  Poit. Lamiaceae 
Launaea cornuta (Oliv. & Hiern) 
C.Jeffrey 
Asteraceae PM14 
Leucas martinicensis (Jacq.) R.Br. Lamiaceae 
Morus australis Poir. Moraceae FE17 
Neonotonia wightii (Wight & Arn.) 
Lackey 
Leguminosae FE16 
Ocimum gratissimum L. Lamiaceae 
Oxalis 41orniculate L. Oxalidaceae 
Richardia scabra L. Rubiaceae PM15 
Solanum nigrum L. Solanaceae 
Tagetes minuta L. Asteraceae 
Tridax procumbens L. 




Pollinator food resource, boundary’s mark. 
Pollinator food resource, pesticidal. 
Vegetable. 
Pollinator food resource, vegetable, pesticidal, 
Vemegdiectianballe.,  fodder, pollinator food 
resource. Pollinators’ nesting resource, medicinal. 
Pollinator food resource, medicinal. 
Fodder, N-Fixation, control striga weed. Fodder, 
N-Fixation, control fall armyworm. Pollinator 
food resource, vegetable. 
Vegetable, medicinal. 
Pollinator food resource, pesticidal, medicinal. 
Vegetable, medicinal. 
Pollinator food resource, medicinal. 
Pollinator food resource, fruits, fodder, medicinal. 
Fodder, food, pollinator food resource. Pollinator 
food resource, medicinal. 
Medicinal, pollinator food resource. 
Pollinator food resource, medicinal. 
Vegetable. 
Pollinator food resource, pesticidal. 
Pollinator food resource, medicinal. 
Pollinator food resource, pesticidal.
Dino (2004) 
Rioba and Stevenson (2017) 
Bvenura and Afolayan (2015) 
Mkindi et al. (2017) 
Addis et al. (2013)  
Martins et al. (2014)  
Thabit et al., (2015)  
Midega et al. (2018)  
Midega et al. (2017)  
Jaca and Kambizi (2011)  
Van Jaarsveld et al. (2014)  
Pavunraj et al. (2014) 
Sreeramulu et al. (1983) 
Ramalingam et al. (2013) 
Hussain et al. (2017)  
Viswanathan et al. (2001)  
Braga et al. (2011)  
Hebbar et al. (2004)  
Poonkodi and Ravi (2016)  
Ashagre et al. (2016)  
Phoofolo et al. (2013)  
Christudas et al. (2012)  
(Green et al., 2017)
         grew naturally in bean agro-system except Morus australis Poir. which was planted purposely for fruits Plant species 
Family          Voucher number               Ecosystem benefits              References
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4.1.11 Complexity and Stability of Pollinator Networks in Bean Agri-systems 
The networks composed of 37 plant species and 14 flower visitors in the low zone (Fig. 14), 38 
and 18 in the mid zone (Fig. 15) and, 26 and 18 in the high zone (Fig. 16) respectively. The data 
showed that Ageratum conyzoides, Bidens pilosa and Richardia scabra were the most visited 
plants as they interacted with many insects compared with other plant species in the networks (Fig. 
14-16). Other core plant species in the networks were Glycine wightii, Commelina benghalensis 
and Tridax procumbens. Honeybees and small bees were the most abundant and core visitors of 
many plants in the networks across all three zones. Other species such as hoverflies, bee flies, 
wasps and butterflies were also found to interact with many plant species in all three networks. In 
all three zones, each network composed of four major insect groups whereas Hymenoptera had 
higher number of individuals while Coleoptera had the least. It was also observed that the number 
of pollinators positively correlated with the number of plant taxa in the network (Fig. 17). There 
was significant difference in robustness (R) between pollination networks from three zones (F2 = 
4.672, p = 0.0598) whereas the low zone network was slightly more robust (R = 0.8290) compared 
to the mid (R = 0.8117) and high zone (R = 0.7840) networks. However, the robustness of the three 
networks did not vary significantly between farming stages (F2 = 1.644, p = 0.27). Also, the 
connectance (C) did not vary significantly between the zones (F2 = 0.853, p = 0.4720) but varied 
significantly between farming stages (F2 = 6.321, p = 0.0333) with greater value being observed 
in the flowering stage compared to pre-ploughing and podding stages. Although there were no 
significant differences in nestedness between the networks in the three zones (F2 = 4.286, p = 
0.0698), the high zone network was slightly more nested compared to the mid and low zone 
networks (Fig. 18). Similarly, the three networks did not show significant variation in nestedness 
between farming stages (F2 = 0.849, p = 0.473) but slightly increased during flowering stages 
compared to the rest of the stages (Fig. 18). Generally, the bean agro-systems were found to have 
high insects’ diversity because all networks had Shannon diversity (H) value of greater than 3.50, 
low zone (H = 4.1663), mid zone (H = 4.0720) and high zone (H = 4.1347), however, their 
differences did not vary significantly (F2 = 0.539, p = 0.609). Moreover, all three networks were 
highly generalized, with the high zone being slightly specialized (H’2 = 0.1839) than other two 
zones (Table 4).  
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Table 4: Network-level metrics for three mutualistic networks constructed based on plant-flower 
visitors’ interactions from three elevation zones of smallholder bean agro-system 
Network-level metrics 
Zone 
Low Mid High 
Connectance 0.3872 0.2564 0.3056 
Degree of specialisation (H’2) 0.1616 0.1285 0.1839 
Interaction evenness 0.6638 0.6213 0.6572 
Linkage density 8.5010 8.3763 7.2907 
Nestedness 14.2871 11.1663 16.7273 
Robustness 0.8290 0.7765 0.7877 
Shannon diversity 4.1663 4.0720 4.1347 
Figure 14:  A network showing interactions between flower visitors (full names) represented by 
black boxes in the upper level and field margin plants in the lower level. The box 
size is proportional to the total number of visits recorded, and the link size to the 
frequency of this particular link  
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Figure 15: A network showing interactions between flower visitors (full names) represented by 
black boxes in the upper level and field margin plants in the lower level. The box size 
is proportional to the total number of visits recorded, and the link size to the 
frequency of this particular link  
Figure 16: A network showing interactions between flower visitors (full names) represented by 
black boxes in the upper level and field margin plants in the lower level. The box size 
is proportional to the total number of visits recorded, and the link size to the 
frequency of this particular link  
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Figure 17: Number of pollinator taxa recorded visiting wild plants species in bean agro-systems 
for two cropping seasons between 2016 and 2017, measured in 1m2 plots placed 
along margins of bean fields. Each data point represents total number of pollinator 
taxa recorded during sampling period 
Figure 18: The nestedness of three pollinator networks measured from three elevation zones during 
beans-farming stages; pre-ploughing, flowering and podding 



































4.2.1 Farmers’ Knowledge of Common Pollinators and their Importance in Bean   
Production, before and after Training 
The majority of farmers in this region lack knowledge about pollinators and their importance in 
improving crop yield, but it is not linked to age or gender. Most farmers were unable to identify 
hoverflies and solitary bees and surprisingly few identified honeybees. Smith et al. (2017) also 
reported that farmers who grow a variety of pollinator dependent and non-dependent crops in 
India were not able to recognise solitary bees and this may highlight an important knowledge gap 
since wild pollinators invariably contribute to yield benefits in most pollinator dependent crops 
whereas honeybees do not always do so (Garibaldi et al., 2013). Similarly, Kasina et al. (2009) 
reported farmers being aware of honeybees but less so for other pollinators.  It may be that honey 
bee keeping is widely practised around farmlands in the surveyed areas primarily for their honey 
and wax and associated income, with their importance to crop yield being less well understood. 
Alternatively, farmers in this study may have obtained the knowledge from previous agricultural 
extension work around beekeeping programs(Lyver et al., 2015; Soini, 2005). Although we still 
recorded some famers who were unable to identify honeybees, hoverflies and solitary bees 
correctly one year after training, the awareness significantly increased compared to pre-testing 
results indicating that knowledge gaps can be closed through education.  
 
While some farmers were able to recognise these insects, particularly honeybees, most of them 
categorised the insects as pests and some did not recognise the insects at all, let alone their 
potential role in crop production. This has been a well-recognised challenge in Africa due to the 
unfavourable perceptions that farmers have of insects as a result of little knowledge of their 
economic importance (Frimpong-Anin et al., 2013; Munyuli, 2011; Otieno et al., 2011). The 
study observed that honeybees were recognised by most farmers in the surveyed area while 
lacking information on hoverflies and solitary bees. Since we have observed some differences in 
the knowledge about pollinators among farmers in three zones, further investigation was needed 
to determine how farmers access agricultural information and identify the best approaches for 





The responses of farmers surveyed one year after training changed significantly indicating that 
farmers acquired and retained knowledge and even changed perceptions about landscape and land 
management practice. For example, significantly more farmers reported being aware of the 
importance of honeybees, hoverflies and solitary bees as pollinators of crops compared with the 
responses recorded during the pre-training survey. Although in the baseline the majority of farmers 
had little knowledge of pollinators and their importance, training strengthened their knowledge 
and even one year later after training, many were still able to recognize the insects and their 
function. The overall results suggest that training is an essential and effective tool to change 
farmers’ knowledge and perceptions and to change their agricultural practices. Increased 
understanding about pollinators and their importance in crop pollination is necessary for 
smallholder farmers to recognise the connection between these insects and agricultural 
productivity; therefore, such events should be encouraged. The knowledge changes reported here 
suggest that smallholder farmers in this area would have continued to hold the same negative view 
they had beforehand if they had not received training. More studies should also focus on barriers 
and constraints faced by farmers when they need to access agricultural information that would help 
to improve production.  
4.2.2 Importance of Field Margins in Bean Agro-systems 
Field margin management is an important consideration in agro-ecological intensification (AEI) 
since it can affect the pollinator populations in cropping landscapes while their diversity and 
abundance is influenced by the availability of specific floral forage resources and nesting sites in 
non-crop habitats when the crop is not in flower (Blaauw & Isaacs, 2014; Morandin & Kremen, 
2013; Nicholls & Altieri, 2013). In the baseline survey, some farmers reported that they cleared 
their field margins more often and the most common methods were cutting and burning which can 
simultaneously decimate above-ground nesting species (Brown et al., 2017; Ne’eman et al., 2000). 
This practice may negatively affect pollinator populations with consequences for crop yields since 
frequent mowing of vegetation is known to reduce habitat and food resources (Buri et al., 2014; 
Halbritter et al., 2015; Kennedy et al., 2013; Potts et al., 2003). On the other hand, timely and 






adopting this in bean farming would need to be implemented with much more consideration to 
avoid the negative impacts (Campbell et al., 2007; Potts et al., 2005).  
 
One year after training, fewer farmers cut or burned their field margins and no farmers applied 
herbicides to manage weeds in the field margins compared with pre- training results. The results 
suggest that changing farm management among farmers through knowledge enhancement may 
help to conserve beneficial plants in bean agro-systems and support agro ecological intensification.  
4.2.3 Farmers’ Knowledge of the Role of Field Margin Plants in Bean Agri-systems  
The majority of farmers did not recognise the importance of field margin plants in supporting 
beneficial insects in bean agro-systems, and some declared that their bean field margins do not 
include beneficial plants. This suggests that most farmers may lack knowledge about farming 
practices that enhance pollinators, and where they do identify potentially beneficial plant species, 
they fail to link agricultural practices, pollination services and crop production. The study found 
differences in knowledge of beneficial plants among farmers by zones, and this may be due to 
differences in vegetation composition including species diversity in field margins that varies by 
altitude (Hemp, 2006a), which may also affect farmers’ knowledge. Where margin plants were 
reported to offer benefits to smallholder farmers, the most common benefits reported were 
livestock fodder and erosion control but varied with zones. More farmers in the high zone reported 
fodder and erosion control as major benefits from margin plants compared with low and mid zone 
farmers. This zonal variation may be explained because most farmers in this agro-system keep 
livestock in stalls so require fodder daily for them (Hemp, 2006b). These farmers may also benefit 
more from the value of non-crop vegetation to control soil erosion since their farms are located in 
high altitudes (above 1500 m) where rain can wash away soil.  The use of plants to mitigate against 
soil erosion is a common practice in many highland areas (Angima et al., 2000; Zuazo & 
Pleguezuelo, 2008). Although non-crop vegetation nearby crop fields has been reported to support 
pollinators and other beneficial insects (Kennedy et al., 2013; Öckinger & Smith, 2007; Otieno et 
al., 2015; Paredes et al., 2013), farmers did not mention this benefit at the start of this study, 
suggesting that they lack knowledge. However, one year after training, some farmers were able to 
recognise the importance of these plants in supporting pollinators. 
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During the botanical survey, some fields had wide and richer margins while some had narrow 
margins with fewer plants species which may determine insect diversity and local abundance 
(Kohler et al., 2008; Rundlöf et al., 2018). This study argues that farmers’ fields with lower flower 
richness could opt to enrich their field margins by sowing native flowering plants to promote 
pollination services (Feltham et al., 2015; Korpela et al., 2013; Sidhu & Joshi, 2016). However, 
the context and options available to smallholders must be established to understand the scope to 
support them to move towards pollinator conservation. Although it may take time to maximize 
pollination services, farmers are likely to change their farming practices if they are assured through 
demonstration that higher diversity and richness of pollinators enhances crop yields. Along with 
supporting pollinators, added benefits of field margin vegetation if implemented more widely 
include carbon sequestration; nourishment (food products), firewood and fibers; air quality and 
climate regulation; soil quality improvement; weed, pest and disease control; water purification; 
and cultural services (Moonen & Bàrberi, 2008; Mudavanhu et al., 2017; Richardson, 2010; Swift 
et al., 2004). 
4.2.4 Farming Practices by Smallholder Farmers in Bean Agri-system 
Most farmers, particularly in the high zone, practiced mixed cropping, a typical system practiced 
by Chagga tribe people, the dominant ethnic group in the study area (Hemp, 2006b; O’kting’ati et 
al., 1984; Soini, 2005). Although farmers use synthetic pesticides to control insect pests, they are 
broad spectrum and so can have deleterious impacts on pollinators (Brittain et al., 2010; Henry et 
al., 2012; James & Xu, 2012; Melisie & Damte, 2017). They reduce pollinator species abundance 
and diversity by killing them directly or affecting their foraging behaviour and physiological 
activities (Brandt et al., 2016; Fischer et al., 2014; Gill et al., 2012; Gill & Raine, 2014). Although 
the same farmers who were interviewed during the baseline survey were trained about the effects 
of synthetic pesticides application to beneficial insects, the results from the end-line survey 
indicate many farmers still applied these chemicals to control pests. This study argues that 
continuous training about the effect of these chemicals to the environment, and intensive 
demonstration on the use of less harmful bio pesticides may help to reduce the number of farmers 






Although organic and botanical pesticides can be effective at controlling pests and cause less harm 
to beneficial insects, human health and the surrounding environment (Amoabeng et al., 2013; 
Campos et al., 2016; Mkenda et al., 2015; Stevenson et al., 2017), only a small numbers of farmers 
were using these pest management options. Although some farmers mentioned a few plant species 
used as botanical pesticides in the area, none were aware of the potential of field margin species 
such as A. conyzoides as a botanical insecticide (Amoabeng et al., 2014; Rioba & Stevenson, 
2017). Recent studies conducted in the same agricultural landscape, also reported high 
performance of T. diversifolia and T. vogelii extracts in controlling pests of P. vulgaris with lower 
negative impacts on beneficial arthropods (Mkindi et al., 2017; Tembo et al., 2018). 
 
Since a small group of farmers were using non-synthetic pesticides, the training also aimed at 
building farmers’ capacity on various non-synthetic pesticides, which may be used as alternatives 
to synthetic pesticides to avoid deleterious effects to beneficial insects. The significant changes 
recorded one year after training suggest that farmers were willing to reduce the use of synthetic 
pesticides if they were assured through demonstration of the effectiveness of alternatives. The 
experience shows that farmers rely on synthetic pesticides in the absence of knowledge and 
guidance on alternative methods to control pests (Williamson et al., 2008).  
4.2.5 Socio-economic Importance of Bean Crop to Smallholder Farmers 
Beans were reported to be an important dietary component, consumed around three times a week 
for the majority of farmers and daily for a minority which corroborates previous reports of its 
importance in most areas of Tanzania (Hillocks et al., 2006). They were important for food security 
as well as income, often replacing coffee (Maghimbi, 2007). Since beans were found to be 
importance in improving the livelihood of people in this region, intervention to increase its 
production is justified. Living standards and food security is likely to be improved among poor 
households in this region if bean production increases.  
4.2.6 Potential Value of Insect Pollination Service in Bean Production in Bean Agri-systems 
It is often assumed that common beans are largely autogamous and that, consequently, the role of 






pollination could make a substantial and financially significant contribution to yield. Indeed, the 
calculations indicated that the value of insect pollination was relatively high and farmers could 
face a potential loss of up to USD 500 of their income per hectare if natural pollination services 
were lost. In a country where the Gross National Income per capita in 2017 was below USD 1000 
(World Bank, 2018) for a farm of around 1 ha in size this is a major loss to household income and 
food and nutritional security, thus pollination services and landscape management to conserve 
pollinating insects should be a major consideration in drafting agricultural  policy to enhance food 
and nutritional security in bean farming systems. More information is needed on which species are 
the most important and which specific field margin plants are important in supporting them.   
 
Open pollination increased bean yield and quality through seed weight, seed number per pod, and 
pod number per plant. No trade-offs related to open pollination with respect to yield was recorded. 
The result accords with other studies such as Nayak et al. (2015), who reported a yield benefit of 
more than 100% in open-pollinated Faba beans, and more modest benefits recorded by Free (1966) 
in common beans visited by honeybees. The role of honeybees versus wild bees is likely to be key 
to understanding which flower visiting species are important to yield in these cases: increasing 
evidence indicates that honeybees are not always efficient pollinators (Garibaldi et al., 2013; Grass 
et al., 2018), including in legume crops where they are among the most frequent flower visitors 
(Marzinzig et al., 2018). Expectedly, honeybees (51%) were the most frequently sampled insects 
in this study. Other comparable studies in other parts of East Africa have also reported A. mellifera 
being among abundant pollinators in cropping systems (Kasina et al., 2009b; Otieno et al., 2011). 
Other insects collected included Amegilla sp. (2%), bee flies (2%), carpenter bees (3%), hoverflies 
(6%) and miscellaneous Lepidoptera (13%), all of which could play a role in pollination. Other 
work on pollination in legume systems has indicated that short-tongued bees rob heavily, whereas 
long-tongued species are more effective pollinators (Marzinzig et al., 2018) although apparent 
evidence of robbery as indicated by holes chewed into corollas is not necessarily indicative of a 
major impact on fertilization as robbery events are reported to be much less frequent than 
pollinating visits (Barlow et al., 2017). In East Africa, long-tongued bumblebees (Bombus sp.) are 
not present but carpenter bees fill a similar niche and are highly effective as bean pollinators 
(Masiga et al., 2014). This study would recommend further work in the system to investigate the 
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efficacy of pollination services offered by specific flower visitors and those that interacted with 
common beans during sampling.  
The exclusion experiments demonstrated that open-pollinated plants yielded more than self-
pollinating plants. Low yield in self-pollinated beans could be due to strong inbreeding depression 
which may have lowered the fitness of seeds (Barrett, 2002) contrary to open-pollinated beans 
which received pollen from flowers from different plots. Another explanation could be that 
leguminous flowers do not activate well without insect visits therefore very few pollen grains 
contacted stigmas of self-pollinated flowers for fertilization. However, I also obtained the 
unexpected result that the hand-pollinated plants produced lower yield than the open-pollinated 
plants. Hand pollination typically represents that maximum pollination service so this result was 
surprising. However, this may be explained by the approach taken of bagging the hand-pollinated 
plants; it is likely that the experimentally applied single pollination event was insufficient to 
maximise yield and this may have affected fruit setting among plants (Otieno et al., 2011). More 
typical is to leave the plants in hand-pollination treatments uncovered (Birkin & Goulson, 2015; 
Grass et al., 2018). While this means it was therefore not possible to evaluate whether this system 
is pollinator-limited, it does provide some information about the pollination processes in this crop 
and variety, specifically that (a) a single event (including a single insect visit) may be insufficient 
for effective pollination, and therefore if pollinator numbers are low yield will be limited and (b) 
insect pollination is more effective than a single hand pollination event in the current system, 
indicating that hand pollination is not a viable alternative for farmers of this crop in areas lacking 
pollinators. Farmers should therefore be supported to manage their farms to conserve and augment 
numbers of pollinators to reduce yield gaps and income loss due to sub optimal pollination. 
Based on the finding that pollination is important and valuable, I also evaluated whether potential 
pollinators in the crop were making use of natural and semi-natural vegetation around field 
margins, as this is a key target for management interventions to promote pollinator species (Dicks 
et al., 2016; Potts et al., 2016). Capturing various dye-marked insects from within the crop is 
therefore evidence that the insect has previously visited the margin either for feed or refuge before 
moving into the crop. Although other non-pollinating species including pests were also found 
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during collection, they were disregarded in the analysis since the target was pollinating insects. 
Although record of visits to field margins and beans is an indication that has some value to these 
beneficial insects, further studies should explore whether these insects are using field margin 
vegetation as a resting, nesting, food resource sites or both. In the case of potential pollinators, this 
can be associated with feeding behaviours in both the margin and crop.  
A high proportion of the insects collected from the crop contained dye traces, which indicated 
extensive movement between crop margin and crop in a distant-dependent fashion with more 
margin-users found very close to the margin. This demonstrated that firstly, not all margin insects 
remained in the margin, so the margin can be a donor of ecosystem services into the crop. 
Secondly, penetration of these services into the crop has the potential to reach the centre of the 
field but will be most marked around the edges, close to the margin unless alternative management 
techniques such as intercropping or sowing of flower strips within the field are used to enhance 
movement around the fields (Korpela et al., 2013; Pereira et al., 2015). However, there was no 
significant difference between the proportions of marked potential-pollinators at 10, 20, 30, or 40 
m, implying two behavioural syndromes among margin-users in the crop, those that strayed only 
a short distance (<10 m) into the crop, or those who moved off margins and into the crop and then 
foraged more widely among the crop plants. For instance, dye-marked insects such as honeybees 
were sampled at all distance, 0 m (50%), 10 m (13%), 30 m (21%) and 40 m (16%), suggesting 
that honeybees can forage up to over 40 m and there was no evidence of distance-dependent effect 
recorded for this insect over 10 m. Woodcock et al. (2016) also reported no declining effect in 
honeybees’ visitation rates into the oilseed rape field even at a distance of 200 m from the field 
edge. This is contrary to other insects such as hoverflies, small bees and butterflies where their 
abundance declined with increasing distance from field margin.  
Surprisingly, marked bee flies were not sampled at any distance in the bean field and instead all 
marked individuals were collected at field margin (0 m). The explanation could be that bee flies 
are not visitors of common beans and so have no purpose to enter the crops or fly a large distance 
into the field to forage. As the fields are small, it is unsurprising that flying insects that are able to 






2008) and honeybees (Beekman & Ratnieks, 2000; Hagler et al., 2011; Perrot et al., 2018), used 
the majority of the field fairly evenly; this contrasts to work on coffee plantations that are very 
large, in which there was a strong distance-dependent effects moving away from semi-natural 
habitat at the edges of fields, especially for small bees (Klein et al., 2003) and large fields of 
temperate oilseed rape, where similarly the number of bees towards the field centre were very low 
(Bailey et al., 2014). This work suggests that future studies should also consider the effect of field 
size and landscape patterns on the abundance and richness of pollinators in smallholders’ bean 
fields. However, it is important to note that this study did not focus on monitoring absolute 
abundances of potential pollinators at different distances, but on the eventual destinations of field 
margin users, and the sweep netting technique did not discriminate pollinators from nectar thieves 
or transient insects not using the flowers. 
 
For farmers these data show that those with small fields may reap more benefit from the field 
margin plants than those with larger fields, as margin-using insects were less frequently recorded 
further (> 20 m) from the margin. However, as nearly 50% of potential pollinating species sampled 
even from the centre of the field showed fluorescent dye marks consistent with use of the margins, 
the study highlights that the margin vegetation is providing benefits to these insects. Although 
other studies have reported that presence of diverse and floral rich margins can enhance pollinator 
species in the neighbouring crop field (Garratt et al., 2017; Morandin & Kremen, 2013), further 
work should focus on characterising the nature of insect-plant interactions in the margin and crop 
to indicate which plants are most important for promoting specific pollinator abundance and 
movement into the crop. This study suggests further studies also to focus on comparing how 
different types and management of field margins can affect stability and persistence of pollination 
services in this agro-system. 
 
4.2.7 Pollinator Richness and Diversity in Bean Agri-systems  
The high zone area had high richness of flower visitors compared to the low and mid zones and 
the differences could be due to high plants diversity and richness recorded in this zone compared 






high number of flower visitors than those with poor floral resources (Ghazoul, 2006; Klein, 2009; 
Wu et al., 2018). This could be due to availability of necessary living requirements particularly 
foods (Garratt et al., 2017; Nicholls & Altieri, 2013). Although higher numbers of individual 
wasps were recorded during this study, bees were the most abundant taxa in the area suggesting 
that they may also be the most important pollinator group providing pollination services to many 
plants and key crops grown in the study area. With exception to few known species of wasps which 
pollinate some specialized plants (Shuttleworth & Johnson, 2009; Van Noort et al., 2013; Weiblen, 
2001), few studies have reported the importance of wasps as effective pollinators of crops but 
rather as regulators of pests (De Lange et al., 2018; Gurr et al., 2003). Although wasps may not be 
as well reported for pollination service as bees, some plants have very specialised pollination 
mechanism that can only be accomplished by specific pollinating wasps (Weiblen, 2001; Wiebes, 
1979) suggesting that all groups of pollinators are important and they require conservation. For 
example, Agoanine wasps (Family: Agaonidae) are among eminent wasp groups specialised in 
pollinating various species of fig trees (Family: Moraceae) (Da Costa & Graciolli, 2010; Schiffler, 
2002). In some pollination systems, the interaction is obligate meaning that either of the partners 
cannot survive in absence of the other (Weiblen, 2001). This study argues that high abundance of 
wasps recorded may suggest good status of natural enemies necessary for biological pest control 
in the study area. However, their population might have been enhanced by presence of herbaceous 
habitats in the field margins that provides necessary resources for the insects to reside (Bianchi et 
al., 2006; Gillespie et al., 2016). Both predatory and parasitic wasps have been reported as among 
effective regulators of crop pests in many agricultural ecosystems (Mackauer & Völkl, 1993; Yang 
et al., 2017). Therefore, conservation plans in this area should also consider this group of beneficial 
insects for improved natural pest management which may help to reduce application of synthetic 
pesticides in the area.  
 
Unlike for wasps, both managed and wild bees have revealed the highest levels of effectiveness in 
pollinating large number of cultivated crops (Ballantyne et al., 2017; Biesmeijer et al., 2006) 
whereas wild bees being the most reliable pollinators (Kremen et al., 2004). However, pollination 
by wild bees seems to favour this type of agro-system since the highest level of their effectiveness 
have been observed mostly in small farms (Isaacs & Kirk, 2010) which is the case for this study 
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area. Being reported as the most important and abundant pollinator taxa in the world (Smith & 
Mayfield, 2018), this study also recorded higher number of bees occupying more than 50% of the 
total collected insects where small bees dominated the group compared to larger bees. This also 
conforms to other comparable studies regarding pollinator richness in agro landscapes of tropical 
region (Ramalho, 2004; Smith & Mayfield, 2018) where this group has been reported to be a major 
pollinator (Masiga et al., 2014). The current study in northern Tanzania by Ojija et al. (2019) also 
reported bees being the most frequent group visiting both invasive and native wild plant species.  
Because sampling was done in smallholder bean farming systems, high records of large bees such 
as carpenter bees (Family: Anthophoridae) were expected as they are among major visitors of 
legume crops (Bohart, 1960; Masiga et al., 2014) but surprisingly it was not the case. One of the 
reasons could be sampling method which might be unsuitable in capturing carpenter bees or low 
richness/abundance due to either lack of woody shrub or tree vegetation and/or abundant floral 
resources, which are important requirements for carpenter bees to reside (Raju & Rao, 2006; 
Watmough, 1974). For example, field margins with bamboo trees, dead branches of trees, decaying 
logs and pithy stems could be a suitable environment for both large and small carpenter bees to 
build their nests (Keasar, 2010; Raju & Rao, 2006). Being among larger long-tongued pollinators, 
carpenter bees are also capable of buzz pollination that favours fertilization process of most 
legumes (Ballantyne et al., 2017; Keasar, 2010; Marzinzig et al., 2018). A study conducted in 
similar agricultural systems reported higher yields among French beans following high visitation 
by carpenter bees (Masiga et al., 2014) signifying the importance of these insects in bean 
production. As such, food resources and nesting sites enhancement in the bean agro-systems may 
be necessary to promote their population for improved pollination services (Keasar, 2010). This 
may also support other pollen vectors of legumes recorded in the study area including honeybees 
(Family: Apidae) (Milfont et al., 2013; Stoddard, 1991) and solitary bees (Family: Anthophoridae 
and Megachilidae) (Aouar-sadli et al., 2014; Bond & Kirby, 1999). These insects are mostly 
attracted by multiple flowering plants that produce large quantities of pollen and with higher nectar 
sugar concentration than those with low food resources (Abrol, 2006, 2007; Ghazoul, 2006). 
Therefore, enriching the farms with pollen and nectar-rich plants may create conducive 
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environment for the pollinators to reside and continue to forage throughout the year (Korpela et 
al., 2013; Nicholls & Altieri, 2013; Wratten et al., 2012).  
Other small pollinators such as stingless bees grouped under small bees in this study were also 
abundant in the area. Although they may not be effective pollinators of beans (Heard, 1999), 
various studies have reported that they are main visitors of many wild plants and crops in tropical 
agro ecosystems (Klein et al., 2002; Liow et al., 2001; Ramalho, 2004). Being non-stinging and 
easy to keep in hives, it has been reported that stingless bees can be used for commercial pollination 
of high value crops in greenhouses (Heard, 1999; Slaa et al., 2006). However, like other 
pollinators, human disturbance has continued to be a major threat for their richness and existence 
in various ecosystems (Brown & Albrecht, 2001; Ramírez et al., 2013; Samejima et al., 2004). To 
ensure protection of these insects, farmers should improve and manage their field margins because 
pollinator abundance and diversity is mostly dependent on the quality and quantity of the 
surrounding semi-natural habitats (Blaauw & Isaacs, 2014; Heard, 1999; Krimmer et al., 2019). 
For example, augmenting the field margins with generalist plants may attract higher number of 
pollinators and thus maintaining the stability and complex structure of the plant-pollinator 
interactions in the ecosystem (Biella et al., 2019). Since there is little information regarding status 
of pollinators and their importance in Eastern Africa farming systems (Kasina et al., 2009; 
Munyuli, 2011; Otieno et al., 2011), this study has highlighted key pollinator species in 
smallholder bean-farming systems in northern Tanzania which offers pollination services to 
various plants and cultivated crops. Also, it has highlighted the richness and diversity status of 
both major flower visitors and their associated host plants in the area.  The baseline information 
generated by this study may be a good foundation for future studies particularly those focusing on 
pollinators and pollination systems in similar agricultural systems.  
However, further studies in this area should focus on specific requirements such as food resources 
and nesting sites of potential pollinator groups as some of the species such as Amegilla and Cuckoo 
bees were infrequently recorded in the study area. Understanding of this component may help 
toward conservation of these species in this smallholder farming system. 
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4.2.8 Complexity and Stability of Plant-pollinator Networks in Bean Agri-systems 
Because the loss of species is among the various factors that affect pollination networks in an 
ecosystem (Kaiser-Bunbury et al., 2010; Memmott et al., 2004), understanding the interactions 
between plants and pollinators is important for planning conservation measures in smallholder 
agro-systems. However, through understanding of the key species building up the networks, 
predicting the effect of species extinction in plant-pollinator community is possible and necessary 
(Memmott et al., 2004). The results of the network analyses indicated that A. conyzoides, B. pilosa 
and R. scabra were the most visited plant species while honeybees and small bees were the most 
linked pollinators in all three networks. Ageratum conyzoides and B. pilosa were identified as the 
most generalist plants in the network implying that their loss could lead to decrease in pollinator 
richness in the study area and thus effecting the whole pollination system (Biella et al., 2019). As 
such, these species play major role in bean agro systems and they should receive special 
management and conservation attention to keep their interactions persisting because the health of 
the pollination systems depends on them (Valiente-Banuet et al., 2014). Apart from providing food 
to many flower visitors in the system, species such as A. conyzoides and B. pilosa have been used 
to control pests and diseases of key crops in similar agro-ecosystems (Mkindi et al., 2017; Rioba 
& Stevenson, 2017). Although some of these plants may be invasive in the area and their effects 
on native plant-pollinator network have been reported (Burghardt et al., 2010; Lopezaraiza-Mikel 
et al., 2007), other studies have shown that these species may be important food providers to 
number of pollinators (Bartomeus et al., 2008; Drossart et al., 2017) particularly when native plant 
species are less abundant or not available. Also, they may facilitate pollination of native plant 
species by drawing a wide number of pollinator species into a plant community (Bartomeus et al., 
2008; Lopezaraiza-Mikel et al., 2007; Stout & Morales, 2009). Therefore, this study argues that 
maintaining key network species in farmlands may guarantee survival of many pollinator taxa and 
thus strengthening the complexity and stability of pollination networks (Carvalheiro et al., 2010). 
Although the results have shown high robustness and high species diversity in bean agro-system 
pollination networks, loss of core plant species may lower both stability and strength of these 
networks (Kaiser-Bunbury et al., 2010) as a result of pollinators decline due to loss of food 
resources (Kells et al., 2001; Potts, Biesmeijer et al., 2010; Roulston & Goodell, 2011). Also, it 
may cause loss of less generalised pollinators and/or force other species to change their foraging 
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behaviour and preferences (Goldstein & Zych, 2016). Although all the networks showed low level 
of specialization suggesting that they are likely to be tolerant to loss of species from the community 
(Dormann et al., 2009), conservation of both potential pollinators and their associated plants is 
necessary to maintain resilient plant-pollinator interactions for improved pollination services in 
this farming system. It has been reported that there is a limit point where even the very generalized 
and nested networks may collapse following severe interruption (Fortuna & Bascompte, 2006; 
Memmott et al., 2004; Biesmeijer et al., 2010). This signifies that the mutualistic interactions i.e., 
between plants and pollinators in agro landscapes, should be carefully managed and protected 
because their loss may lead to failure of ecosystem functions (Valiente-Banuet et al., 2014). 
Because farmers play a major role in the management of non-crop vegetation around their farms, 
they should therefore be informed about appropriate conservation strategies to ensure stable 
pollination networks. It has also been reported that planting of flowering plants along field edges 
can enhance the stability of the pollination networks in the community due to increased pollinator 
abundance (Feltham et al., 2015; Sidhu & Joshi, 2016). Kremen et al. (2004) also reported an 
increase in the stability of pollination services as the natural habitat areas increased.  
Therefore, farmers should augment their field margins and increase their dimensions for 
guaranteed pollination services in the adjacent crop fields (Blaauw & Isaacs, 2014; Westphal et 
al., 2015). This study is the first to establish the structure of pollination systems based on elevation 
gradient and highlighted the core plants and pollinator species which need conservation attention 
to safeguard the ecosystem functioning in smallholder bean-farming systems in Tanzania. 
However, future studies should also focus on stability of the pollination network in this agro-
system towards changing climate and other anthropogenic factors and predict their overall effects 
on complexity, strength and stability of the networks if any of the core plants or pollinator species 
such as A. conyzoides and honeybees respectively, disappear from this ecosystem. This piece of 
information will be important for understanding the trend of pollination networks in smallholder 
farming systems but also may encourage management and conservation of agro-ecosystems and 
their associated services in the near future.
60 
CHAPTER FIVE 
CONCLUSION AND RECOMMENDATIONS 
5.1 Conclusion 
This study has revealed that insect pollination offers a significant benefit to increased yield in 
common beans in smallholder farming systems. Following this evidence, I argue that biotic 
pollination is as important as other agricultural inputs to improve crop productivity and food 
security since it provided a yield boost of 117% relative to beans from which insects were 
excluded.  This is similar to (or exceeds) the impact of many recent interventions reported in 
agriculture in low-income systems (Koskey et al., 2017; Pretty et al., 2006). However, the need 
for farmers to understand such services is necessary for them to recognize the importance of 
managing agricultural biodiversity in their farmlands and this is currently a limiting factor as many 
farmers are knowledge poor about beneficial invertebrates (Elisante et al., 2019). The study has 
also revealed that training could help to bridge the knowledge gaps among farmers and enable 
them to better understand the relationship between farm management activities and agro-
biodiversity in crop production. However, there is also a need for farmers to be equipped with 
knowledge and tools to enable them to make informed decisions about their management practices 
and be empowered with information about better alternatives for food production that they can 
adopt.  
Also, the study found that a high proportion of insects captured in the crop had previously visited 
the margin, suggesting that field margin plants can act as refuge or food reserve for pollinators and 
can promote their populations into neighbouring crop fields. This use of margins indicates the need 
for sustainable management interventions that protect natural vegetation, in order to augment 
pollinator abundance and pollination services in agrarian landscapes (Boreux et al., 2013). During 
the off-season and when beans are not blooming, these plants can support pollinators by providing 
food and nesting sites and thus keeping their population at natural state (Morrison et al., 2017; 
Nicholls & Altieri, 2013).  
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This study has highlighted the need for agro-ecological programs, workshops, seminars and 
training events to increase smallholders’ knowledge of beneficial invertebrates and the value of 
field margin plants in supporting agricultural biodiversity (Elisante et al., 2019). Elevating 
people’s knowledge on pollination ecology and other ecosystem services may be a good 
foundation towards enhancing of crop and plant diversity in the tropical agro-systems. However, 
the context and options available to smallholders must be established to understand the scope to 
support them to move towards pollinator conservation. Although it may take time to maximize 
pollination services, farmers are likely to change their farming practices if they are assured through 
demonstration that higher diversity and richness of pollinators enhances crop yields. 
Future studies in tropical Africa should focus on missing information on both rare and endangered 
pollinator species and the findings should be incorporated in the conservation policies and 
programs. However, understanding pollinators distribution may also be important, as it will help 
conservationists and stakeholders to identify areas that need immediate conservation intervention. 
Further studies on pollination ecology of common beans may also need to look at two important 
aspects; pollinator-specificity and effectiveness, to determine which insect species is the most 
effective pollinator of this crop.  
5.2 Recommendations 
This study recommends multi stakeholder involvement to help farmers adopt appropriate 
ecologically based systems to increase crop production in smallholder farming systems without 
compromising the wellbeing of agro-biodiversity and the environment. Farming practices that 
threatens agricultural biodiversity in bean farming systems, such as removal or burning of field 
margin vegetation, should be discouraged and instead, farmers with fields that have low flower 
richness could opt to enrich their field margins by sowing native flowering plants to promote 
pollination services (Feltham et al., 2015; Korpela et al., 2013; Sidhu & Joshi, 2016).  
Plant species such as A. conyzoides, B. pilosa and R. scabra, which have been reported to offer 
multiple benefits in the agro ecosystem, should be maintained along field margins as potential food 
resources for pollinators and not always considered as bad plants (weeds). Although afforestation 
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and reforestation has been given attention mainly to combat climate change, it could also be 
practiced purposely to restore highly degraded areas and rejuvenate pollinators’ semi-natural 
habitats.  
Moreover, farmers are encouraged to use alternative pest control methods instead of synthetic 
pesticides which have detrimental impacts on beneficial insects.  
Formulation of participatory policies (Maderson & Wynne-Jones, 2016) that encourage protection 
and conservation of agro-biodiversity for improved pollination services are urgently required to 
maximize the yield potential of beans and other key crops in smallholder farming systems. 
Optimising pollination services should be a major priority in policy setting for improved food 
security and livelihood of smallholders in the study area.  
63 
REFERENCES 
Abrol, D. P. (2006). Foraging Behaviour of Bees as Influenced by Quality and Quantity of 
Rewards from Flowers. Journal of Asia-pacific Entomology, 9(2), 145–148. https://doi.org/ 
10.1016/s1226-8615(08)60285-x 
Abrol, D. P. (2007). Foraging Behaviour of Apis mellifera L. and Apis cerana F. As determined 
by the Energetics of Nectar Production in Different Cultivars of Brassica campestris Var. 
Toria. Journal of Apicultural Science, 51(2), 19–24. 
Ackerman, J. D. (2000). Abiotic Pollen and Pollination: Ecological, Functional, and Evolutionary 
Perspectives. Plant Systematics and Evolution, 222, 167–185. 
Addis, G., Asfaw, Z., & Woldu, Z. (2013). The Role of Wild and Semi-wild Edible Plants in 
Household Food Sovereignty in Hamer and Konso Communities, South Ethiopia. 
Ethnobotany Research and Applications, 11, 251–271. 
Ahemad, M., & Khan, M. S. (2012). Ecological Assessment of Biotoxicity of Pesticides towards 
Plant Growth Promoting Activities of Pea (Pisum sativum)-Specific Rhizobium Sp. Strain. 
Emirates Journal of Food and Agriculture, 24(4), 334–343. 
Aizen, M. A., Garibaldi, L. A., Cunningham, S. A., & Klein, A. M. (2008). Long-term Global 
Trends in Crop Yield and Production Reveal no Current Pollination Shortage but Increasing 
Pollinator Dependency. Current Biology, 18(20), 1572–1575. https://doi.org/10.1016/ 
j.cub.2008.08.066
Aizen, M. A., & Harder, L. D. (2009). The Global Stock of Domesticated Honeybees is Growing 
Slower than Agricultural Demand for Pollination. Current Biology, 19(11), 915–918. 
https://doi.org/10.1016/j.cub.2009.03.071 
Allsopp, M. (2004). Cape Honeybee (Apis mellifera capensis Eshscholtz) and Varroa mite (Varroa 
64 
destructor Anderson & Trueman) Threats to Honeybees and Beekeeping in Africa. 
International Journal of Tropical Insect Science, 24(1), 87–94. https://doi.org 
/10.1079/ijt20041 
Altieri, M. A. (2004). Linking Ecologists and Traditional Farmers in the Search for Sustainable 
Agriculture. Frontiers in Ecology and the Environment, 2(1), 35–42. https://doi.org/ 
10.1890/1540-9295(2004)002[0035:leatfi]2.0.co;2 
Amoabeng, B. W., Gurr, G. M., Gitau, C. W., Nicol, H. I., Munyakazi, L., & Stevenson, P. C. 
(2013). Tri-trophic Insecticidal effects of African Plants against Cabbage Pests. PLoS ONE, 
8(10), e78651. https://doi.org/10.1371/journal.pone.0078651 
Amoabeng, B. W., Gurr, G. M., Gitau, C. W., & Stevenson, P. C. (2014). Cost: Benefit Analysis 
of Botanical Insecticide use in Cabbage: Implications for Smallholder Farmers in Developing 
Countries. Crop Protection, 57, 71–76. https://doi.org/10.1016/j.cropro. 2013.11.019 
Anderson, D. L., & Giacon, H. (1992). Reduced Pollen Collection by Honeybee (Hymenoptera: 
Apidae) Colonies Infected with Nosema apis and Sacbrood Virus. Journal of Economic 
Entomology, 85(1), 47–51. 
Andersson, G. K. S., Ekroos, J., Stjernman, M., Rundlöf, M., & Smith, H. G. (2014). Effects of 
Farming Intensity, Crop Rotation and Landscape Heterogeneity on Field Bean Pollination. 
Agriculture, Ecosystems and Environment, 184, 145–148. https://doi. org/10.1016/j.agee. 
2013.12.002 
Angima, S. D., O’neill, M. K., Omwega, A. K., & Stott, D. E. (2000). Use of Tree/Grass Hedges 
for Soil Erosion Control in the Central Kenyan Highlands. Journal of Soil Water 
Conservation, 55(4), 478–482.http://www.scopus.com/inward/record.url?eid=2-s2.0 -
0034494763&partnerid=40&md 5=b1b494e87303a3dd5290ef0ea5160e80 
65 
Aouar-Sadli, M., Louadi, K., & Doumandji, S. E. (2014). Pollination of the Broad Bean (Vicia 
faba L. Var. Major) (Fabaceae) by Wild Bees and Honey Bees (Hymenoptera: Apoidea) and 
its Impact on the Seed Production in the Tizi-Ouzou Area (Algeria). African Journal of 
Agricultural Research, 3(4), 266–272. 
Archer, C. R., Pirk, C. W. W., Carvalheiro, L. G., & Nicolson, S. W. (2014). Economic and 
Ecological Implications of Geographic Bias in Pollinator Ecology in the Light of Pollinator 
Declines. Oikos, 123, 401–407. https://doi.org/10.1111/j.1600-0706. 2013. 00949.x 
Arndt, C., Farmer, W., Strzepek, K., & Thurlow, J. (2012). Climate Change, Agriculture and Food 
Security in Tanzania. Review of Development Economics, 16(3), 378–393. https://doi.org/ 
10.1111/j.1467-9361.2012.00669.x 
Ashagre, M., Asfaw, Z., & Kelbessa, E. (2016). Ethnobotanical Study of Wild Edible Plants in 
Burji District, Segan Area Zone of Southern Nations, Nationalities and Peoples Region 
(Snnpr), Ethiopia. Journal of Ethnobiology and Ethnomedicine, 12, 32. https://doi.org/ 
10.1186/s13002-016-0103-1 
Ashworth, L., Quesada, M., Casas, A., Aguilar, R., & Oyama, K. (2009). Pollinator-dependent 
Food Production in Mexico. Biological Conservation, 142, 1050–1057. https://doi.org/ 
10.1016/j.biocon.2009.01.016 
Asiko, G., Julius, K., Jared, M., & Christine, K. (2017). Increasing Bee Forage for a Sustainable 
Bee Industry in Kenya. Journal of Food Science and Engineering, 7, 262–266. https:// 
doi.org/10.17265/2159-5828/2017.05.004 
Bailey, S., Requier, F., Nusillard, B., Roberts, S. P. M., Potts, S. G., & Bouget, C. (2014). Distance 
from Forest Edge Affects Bee Pollinators in Oilseed Rape Fields. Ecology and Evolution, 
4(4), 370–380. https://doi.org/10.1002/ece3.924 
66 
Balfour, N. J., Ollerton, J., Castellanos, M. C., & Ratnieks, F. L. W. (2018). British Phenological 
Records indicate High Diversity and Extinction Rates among Late-summer-flying 
Pollinators. Biological Conservation, 222, 278–283. https://doi.org/10.1016/j.biocon. 
2018.04.028 
Ballantyne, G., Baldock, K. C. R., Rendell, L., & Willmer, P. G. (2017). Pollinator Importance 
Networks Illustrate the Crucial Value of Bees in a Highly Speciose Plant Community. 
Scientific Reports, 7(1), 1–13. https://doi.org/10.1038/s41598-017-08798-x 
Barlow, S. E., Wright, G. A., Ma, C., Brankin, A., Bruce, M., Stevenson, P. C., Pavlik, B. M., & 
Stevenson, P. C. (2017). Distasteful Nectar Deters Floral Robbery. Current Biology, 27, 
2552–2558. https://doi.org/10.1016/j.cub.2017.07.012 
Barrett, S. C. H. (2002). The Evolution of Plant Sexual Diversity. Nature, 3, 274–284. https:// 
doi.org/10.1038/nrg776 
Bartomeus, I., Potts, S. G., Steffan-Dewenter, I., Vaissière, B. E., Woyciechowski, M., Krewenka, 
K. M., Tscheulin, T., Roberts, S. P. M., Szentgyörgyi, H., Westphal, C., & Bommarco, R. 
(2014). Contribution of Insect Pollinators to Crop Yield and Quality Varies with Agricultural 
Intensification. PeerJ, 2, E328. https://doi.org/10.7717/peerj.328 
Bartomeus, I., Vilà, M., & Santamaría, L. (2008). Contrasting Effects of Invasive Plants in Plant–
Pollinator Networks. Oecologia, 155, 761–770. https://doi.org/10.1007/s00442-007-0946-1 
Basu, P., Parui, A. K., Chatterjee, S., Dutta, A., Chakraborty, P., Roberts, S., & Smith, B. (2016). 
Scale Dependent Drivers of Wild Bee Diversity in Tropical Heterogeneous Agricultural 
Landscapes. Ecology and Evolution, 6(19), 6983–6992. https://doi.org/ 10.1002/ece3.2360 
Beekman, M., & Ratnieks, W. F. L. (2000). Long-range Foraging by the Honeybee, Apis mellifera 
L. Functional Ecology, 14, 490–496. 
67 
Bianchi, F. J. J. A., Booij, C. J. H., & Tscharntke, T. (2006). Sustainable Pest Regulation in 
Agricultural Landscapes: A Review on Landscape Composition, Biodiversity and Natural 
Pest Control. Proceedings of the Royal Society Biological, 273, 1715–1727. 
https://doi.org/10.1098/rspb.2006.3530 
Biella, P., Asma, A., Ollerton, J., Tarrant, S., Štěpán, J., Jana, J., & Klecka, J. (2019). Experimental 
Loss of Generalist Plants Reveals Alterations in Plant-pollinator Interactions and a 
Constrained Flexibility of Foraging. Scientific Reports, 9, 7376. https:// doi.org/10.1038/ 
s41598-019-43553-4 
Biesmeijer, J. C., Roberts, S. P. M., Reemer, M., Ohlemüller, R., Edwards, M., Peeters, T., 
Schaffers, A. P., Potts, S. G., Kleukers, R., Thomas, C. D., Settele, J., & Kunin, W. E. (2006). 
Parallel Declines in Pollinators and Insect-pollinated Plants in Britain and the Netherlands. 
Science, 313, 351–354. https://doi.org/10.1126/science.1127863 
Binswanger-Mkhize, H. P., & Savastano, S. (2017). Agricultural Intensification: The Status in Six 
African Countries. Food Policy, 67, 26–40. https://doi.org/10.1016/j.foodpol. 2016.09.021 
Birkin, L., & Goulson, D. (2015). Using Citizen Science to Monitor Pollination Services. 
Ecological Entomology, 40, 3–11. https://doi.org/10.1111/een.12227 
Bishop, J., Jones, H. E., Lukac, M., & Potts, S. G. (2016). Insect Pollination Reduces Yield Loss 
Following Heat Stress in Faba Bean (Vicia faba L.). Agriculture, Ecosystems and 
Environment, 220, 89–96. https://doi.org/10.1016/j.agee.2015.12.007 
Blaauw, B. R., & Isaacs, R. (2014). Flower Plantings Increase Wild Bee Abundance and the 
Pollination Services Provided to a Pollination-dependent Crop. Journal of Applied Ecology, 
51, 890–898. https://doi.org/10.1111/1365-2664.12257 
Bohart, G. E. (1960). Insect Pollination of Forage Legumes. Bee World, 41(4), 85–97. 
68 
https://doi.org/10.1080/0005772x.1960.11096771 
Bolmgren, K., Eriksson, O., & Linder, H. P. (2003). Contrasting Flowering Phenology and Species 
Richness in Abiotically and Biotically Pollinated Angiosperms. Evolution, 57(9), 2001–2011. 
Bommarco, R., Marini, L., & Vaissière, B. E. (2012). Insect Pollination Enhances Seed Yield, 
Quality, and Market Value in Oilseed Rape. Oecologia, 169(4), 1025–1032. https:// 
doi.org/10.1007/S00442-012-2271-6 
Bond, D. A., & Kirby, E. J. M. (1999). Anthophora plumipes (Hymenoptera: Anthophoridae) as a 
Pollinator of Broad Bean (Vicia faba). Journal of Apicultural Research, 38(3–4), 199–203. 
https://doi.org/10.1080/00218839.1999.11101010 
Bonebrake, T. C., & Deutsch, C. A. (2012). Climate Heterogeneity Modulates Impact of Warming 
on Tropical Insects. Ecology, 93(3), 449–455. 
Boreux, V., Kushalappa, C. G., Vaast, P., & Ghazoul, J. (2013). Interactive Effects among 
Ecosystem Services and Management Practices on Crop Production: Pollination in Coffee 
Agroforestry Systems. Proceedings of the National Academy of Sciences, 110(21), 8387–
8392. https://doi.org/10.1073/pnas.1210590110 
Braga, L. K. A., De Macedo, A. K. C., Cunha, A. A., Silva, J. M. F. L., Santos, F. A. V., Souza, 
C. E. S., Coutinho, H. D. M., Almeida, T. S., Costa, J. G. M., & Matias, E. F. F. (2011). 
Potentiation of in Vitro Antibiotic Activity by Ocimum gratissimum L. African Journal of 
Pharmacy and Pharmacology, 5(19), 2145–2149. https://doi.org/10.5897/ajpp11. 414   
Brandt, A., Gorenflo, A., Siede, R., Meixner, M., & Büchler, R. (2016). The Neonicotinoids 
Thiacloprid, Imidacloprid, and Clothianidin Affect the Immunocompetence of Honeybees 
(Apis mellifera L.). Journal of Insect Physiology, 86, 40–47. https://doi.org/10.1016/ 
j.jinsphys.2016.01.001
69 
Briggs, H. M., Perfecto, I., & Brosi, B. J. (2013). The Role of the Agricultural Matrix: Coffee 
Management and Euglossine Bee (Hymenoptera: Apidae: Euglossini) Communities in 
Southern Mexico. Environmental Entomology, 42(6), 1210–1217. https://doi.org/http:// 
dx.doi.org/10.1603/en13087 
Brigide, P., Ataide, T. R., Canniatti-Brazaca, S. G., Baptista, A. S., Abdalla, A. L., Filho, V. F. N., 
Piedade, S. M. S., Bueno, N. B., & Sant’ana, A. E. G. (2014). Iron Bioavailability of Common 
Beans (Phaseolus vulgaris L.) Intrinsically Labeled with 59fe. Journal of Trace Elements in 
Medicine and Biology, 28, 260–265. https://doi.org/10.1016/j.jtemb. 2014.03.001 
Brittain, C. A., Vighi, M., Bommarco, R., Settele, J., & Potts, S. G. (2010). Impacts of a Pesticide 
on Pollinator Species Richness at Different Spatial Scales. Basic and Applied Ecology, 11(2), 
106–115. https://doi.org/10.1016/j.baae.2009.11.007 
Brosi, B. J., Daily, G. C., Shih, T. M., Oviedo, F., & Durán, G. (2015). The Effects of Forest 
Fragmentation in Tropical Countryside on Bee Communities. Journal of Applied Ecology, 
45(3), 773–783. https://doi.org/doi: 10.1111/J. 1365-2664.2007.01412.x 
Brown, J. C., & Albrecht, C. (2001). The Effect of Tropical Deforestation on Stingless Bees of the 
Genus Melipona (Insecta: Hymenoptera: Apidae: Meliponini) in Central Rondonia, Brazil. 
Journal of Biogeography, 28, 623–634. 
Brown, J., York, A., Christie, F., & Mccarthy, M. (2017). Effects of Fire on Pollinators and 
Pollination. Journal of Applied Ecology, 54, 313–322. https://doi.org/10.1111/1365-
2664.12670 
Burghardt, K. T., Tallamy, D. W., Philips, C., & Shropshire, K. J. (2010). Non-native Plants 
Reduce Abundance, Richness, and Host Specialization in Lepidopteran Communities. 
Ecosphere, 1(5), art11. https://doi.org/10.1890/es10-00032.1 
70 
Buri, P., Humbert, J. Y., & Arlettaz, R. (2014). Promoting Pollinating Insects in Intensive 
Agricultural Matrices: Field-scale Experimental Manipulation of Hay-meadow Mowing 
Regimes and its Effects on Bees. PLoS ONE, 9(1), E85635. https://doi.org/10.1371/ 
journal.pone.0085635 
Bvenura, C., & Afolayan, A. J. (2015). The Role of Wild Vegetables in Household Food Security 
in South Africa: A Review. Food Research International, 76, 1001–1011. 
https://doi.org/10.1016/j.foodres.2015.06.013 
Campbell, J. W., Hanula, J. L., & Waldrop, T. A. (2007). Effects of Prescribed Fire and Fire 
Surrogates on Floral Visiting Insects of the Blue Ridge Province in North Carolina. Biological 
Conservation, 134, 393–404. https://doi.org/10.1016/j.biocon.2006.08.029 
Campos, E. V. R., Oliveira, J. L., Pascoli, M., & Lima, R. (2016). Neem Oil and Crop Protection: 
From now to the Future. Frontiers in Plant Science, 7, 1494. https://doi.org/10.3389/ 
fpls.2016.01494 
Cardinale, B. J., Harvey, C. T., Gross, K., & Ives, A. R. (2003). Biodiversity and Biocontrol: 
Emergent Impacts of a Multi-enemy Assemblage on Pest Suppression and Crop Yield in an 
Agroecosystem. Ecology Letters, 6(9), 857–865. https://doi.org/10.1046/j.1461-
0248.2003.00508.x 
Carvalheiro, L. G., Seymour, C. L., Veldtman, R., & Nicolson, S. W. (2010). Pollination Services 
Decline with Distance from Natural Habitat even in Biodiversity-rich Areas. Journal of 
Applied Ecology, 47, 810–820. https://doi.org/10.1111/j.1365-2664.2010. 01829.x 
Chauzat, M., Faucon, J., Martel, A., Lachaize, J., Cougoule, N., & Aubert, M. (2006). A Survey 
of Pesticide Residues in Pollen Loads Collected by Honeybees in France. Journal of 
Economic Entomology, 99(2), 253–262. 
71 
Choudhary, A., & Sharma, D. C. (2008). Dynamics of Pesticide Residues in Nectar and Pollen of 
Mustard (Brassica juncea ( L.) Czern.) Grown in Himachal Pradesh (India). Environmental 
Monitoring and Assessment, 144, 143–150. https://doi.org/10.1007/ s10661-007-9952-3 
Christudas, S., Kulathivel, T. M., & Agastian, P. (2012). Phytochemical and Antibacterial Studies 
of Leaves of Tridax procumbens L. Asian Pacific Journal of Tropical Biomedicine, 2, s159–
S161. https://doi.org/10.1016/S2221-1691(12)60149-x 
Classen, A., Peters, M. K., Ferger, S. W., Helbig-Bonitz, M., Schmack, J. M., Maassen, G., 
Schleuning, M., Kalko, E. K. V., Bohning-Gaese, K., & Steffan-Dewenter, I. (2014). 
Complementary Ecosystem Services Provided by Pest Predators and Pollinators Increase 
Quantity and Quality of Coffee Yields. Proceedings of the Royal Society: Biological 
Sciences, 281(1779), 20133148–20133148. https://doi.org/10.1098/rspb.2013.3148 
Classen, A., Peters, M. K., Kindeketa, W. J., Appelhans, T., Eardley, C. D., Gikungu, M. W., 
Hemp, A., Nauss, T., & Steffan-Dewenter, I. (2015). Temperature versus Resource 
Constraints: Which Factors Determine Bee Diversity on Mount Kilimanjaro, Tanzania? 
Global Ecology and Biogeography, 24, 642–652. https://doi.org/10.1111/geb.12286 
Cooper, P. J. M., Dimes, J., Rao, K. P. C., Shapiro, B., Shiferaw, B., & Twomlow, S. (2008). 
Coping Better with Current Climatic Variability in the Rain-fed Farming Systems of Sub-
saharan Africa: An Essential First Step in Adapting to Future Climate Change? Agriculture, 
Ecosystems and Environment, 126(1–2), 24–35. https://doi.org/10.1016/ j.agee.2008.01.007 
Crdb. (2018). Foreign Exchange Rates. https://crdbbank.co.tz/exchange-rates/ 
Cunningham, S. A., & Le Feuvre, D. (2013). Significant Yield Benefits from Honeybee Pollination 
of Faba Bean (Vicia faba) Assessed at Field Scale. Field Crops Research, 149, 269–275. 
https://doi.org/10.1016/j.fcr.2013.05.019 
72 
Cusser, S., Neff, J. L., & Jha, S. (2016). Natural Land Cover Drives Pollinator Abundance and 
Richness, Leading to Reductions in Pollen Limitation in Cotton Agroecosystems. 
Agriculture, Ecosystems and Environment, 226, 33–42. https://doi.org/10.1016/j.agee. 
2016.04.020 
Da Costa, C. P., & Graciolli, G. (2010). Insects Associated with Syconia of Ficus citrifolia 
(Moraceae) In Central Brazil. Revista Brasileira de Entomologia, 54(4), 707–709. 
Dale, V. H., & Polasky, S. (2007). Measures of the Effects of Agricultural Practices on Ecosystem 
Services. Ecological Economics, 64(2), 286–296. https://doi.org/10.1016/j.ecolecon. 
2007.05.009 
Dar, S. A., Hassan, G. I., Padder, B. A., Wani, A. R., & Sajad, H. (2017). Pollination and Evolution 
of Plant and Insect Interaction. Journal of Pharmacognosy and Phytochemistry, 6(3), 304–
311. 
Davis, B., Di Giuseppe, S., & Zezza, A. (2017). Are African Households (Not) Leaving 
Agriculture? Patterns of Households’ Income Sources in Rural Sub-saharan Africa. Food 
Policy, 67, 153–174. https://doi.org/10.1016/j.foodpol.2016.09.018 
De Lange, E. S., Farnier, K., Degen, T., Gaudillat, B., Aguilar-Romero, R., Bahena-Juárez, F., 
Oyama, K., & Turlings, C. J. T. (2018). Parasitic Wasps can Reduce Mortality of Teosinte 
Plants Infested with Fall Armyworm: Support for a Defensive Function of Herbivore-induced 
Plant Volatiles. Frontiers in Ecology and Evolution, 6(55), 1–13. https://doi.org/10.3389/ 
fevo.2018.00055 
De Palma, A., Abrahamczyk, S., Aizen, M. A., Albrecht, M., Basset, Y., Bates, A., Blake, R. J., 
Boutin, C., Bugter, R., Connop, S., Cruz-López, L., Cunningham, S. A., Darvill, B., 
Diekötter, T., Dorn, S., Downing, N., Entling, M. H., Farwig, N., Felicioli, A., & Purvis, A. 
(2016). Predicting Bee Community Responses to Land-use Changes: Effects of Geographic 
73 
and Taxonomic Biases. Science, 6, 31153. https://doi.org/10.1038/ srep31153 
Denisow, B., & Wrzesień, M. (2015). The Importance of Field-margin Location for Maintenance 
of Food Niches for Pollinators. Journal of Apicultural Science, 59(1), 27–37. https://doi.org/ 
10.1515/jas-2015-0002 
Denys, C., & Tscharntke, T. (2002). Plant-insect Communities and Predator-prey Ratios in Field 
Margin Strips, Adjacent Crop Fields, and Fallows. Oecologia, 130(2), 315–324. 
https://doi.org/10.1007/s004420100796 
Deprá, M. S., Delaqua, G. C. G., Freitas, L., & Gaglianone, M. C. (2014). Pollination Deficit in 
Open-field Tomato Crops (Solanum lycopersicum L., Solanaceae) in Rio de Janeiro State, 
Southeast Brazil. Journal of Pollination Ecology, 12(1), 1–8. 
Deutsch, C. A., Tewksbury, J. J., Huey, R. B., Sheldon, K. S., Ghalambor, C. K., Haak, D. C., & 
Martin, P. R. (2008). Impacts of Climate Warming on Terrestrial Ectotherms across Latitude. 
Pnas, 105(18), 6668–6672. https://doi.org/doi_10.1073_pnas.0709472105 
Dicks, L. V., Abrahams, A., Atkinson, J., Biesmeijer, J., Bourn, N., Brown, C., Brown, M. J. F., 
Carvell, C., Connolly, C., Cresswell, J. E., Croft, P., Darvill, B., De Zylva, P., Effingham, P., 
Fountain, M., Goggin, A., Harding, D., Harding, T., Hartfield, C., & Sutherland, W. J. (2013). 
Identifying Key Knowledge Needs for Evidence-based Conservation of Wild Insect 
Pollinators: A Collaborative Cross-sectoral Exercise. Insect Conservation and Diversity, 6(3), 
435–446. https://doi.org/10.1111/J.1752-4598.2012.00221.x 
Dicks, L. V., Viana, B., Bommarco, R., Brosi, B., Arizmendi, M. C., Cunningham, S. A., Galetto, 
L., Hill, R., Lopes, A. V., Pires, C., Taki, H., & Potts, S. G. (2016). Ten Policies for 
Pollinators. Science, 354, 975–976. https://doi.org/10.1126/science.aai9226 
Dino, J. M. (2004). Foraging Patterns of Managed Honeybees and Wild Bee Species in an Arid 
74 
African Environment: Ecology, Biodiversity and Competition. International Journal of 
Tropical Insect Science, 24, 105–115. https://doi.org/10.1079/ijt200411 
Dixon, K. W. (2009). Pollination and Restoration. Science, 325, 571. https://doi.org/10.1126/ 
science.1176295 
Donaldson, J., Nänni, I., Zachariades, C., & Kemper, J. (2002). Effects of Habitat Fragmentation 
on Pollinator Diversity and Plant Reproductive Success in Renosterveld Shrublands of South 
Africa. Conservation Biology, 16(5), 1267–1276. https://doi.org/10.1046/J.1523-
1739.2002.99515.x 
Dormann, C. F., Fründ, J., Blüthgen, N., & Gruber, B. (2009). Indices, Graphs and Null Models: 
Analyzing Bipartite Ecological Networks. The Open Ecology Journal, 2, 7–24. 
Drayner, J. M. (1956). Self- and Cross-fertility in Field Beans (Vicia faba Linn.). The Journal of 
Agricultural Science, 53(3), 387–403. https://doi.org/10.1017/s0021859600020815 
Drossart, M., Michez, D., & Vanderplanck, M. (2017). Invasive Plants as Potential Food Resource 
for Native Pollinators: A Case Study with Two Invasive Species and a Generalist Bumble 
Bee. Scientific Reports, 7, 16242. https://doi.org/10.1038/s41598-017-16054-5 
Eardley, C. D., Gikungu, M., & Schwarz, M. P. (2009). Bee Conservation in Sub-saharan Africa 
and Madagascar: Diversity, Status and Threats. Apidologie, 40, 355–366. https://doi.org/ 
10.1051/apido/2009016 
Easton, A. H., & Goulson, D. (2013). The Neonicotinoid Insecticide Imidacloprid Repels 
Pollinating Flies and Beetles at Field-realistic Concentrations. PLoS ONE, 8(1), E54819. 
https://doi.org/10.1371/journal.pone.0054819 
Elisante, F., Ndakidemi, P. A., Arnold, S. E. J., Belmain, S. R., Gurr, M., Darbyshire, I., Xie, G., 
75 
Tumbo, J., & Stevenson, P. C. (2019). Enhancing Knowledge among Smallholders on 
Pollinators and Supporting Field Margins for Sustainable Food Security. Journal of Rural 
Studies. https://doi.org/https://doi.org/10.1016/j.jrurstud.2019.07.004 
FAO. (1995). Pollination of Cultivated Plants in the Tropics (D. W. Roubik (Ed.)). 
FAO. (2007). The Plan of Action of the African Pollinator Initiative. 
FAO. (2016). Climate Change and Food Security: Risks and Responses. http://www.fao.org/3/ a-
I5188e.pdf 
Feltham, H., Park, K., Minderman, J., & Goulson, D. (2015). Experimental Evidence that 
Wildflower Strips Increase Pollinator Visits to Crops. Ecology and Evolution, 5(16), 3523–
3530. https://doi.org/10.1002/ece3.1444 
Fernandes, E. C. M., Oktingati, A., & Maghembe, J. (1984). The Chagga Homegardens: A 
Multistoried Agroforestry Cropping System on Mt. Kilimanjaro (Northern Tanzania). 
Agroforest Systems, 2, 73–86. https://doi.org/https://doi.org/10.1007/bf00131267 
Ferreira, P. A., Boscolo, D., & Viana, B. F. (2013). What Do we Know about the Effects of 
Landscape Changes on Plant-pollinator Interaction Networks? Ecological Indicators, 31, 35–
40. https://doi.org/10.1016/j.ecolind.2012.07.025
Fischer, J., Müller, T., Spatz, A. K., Greggers, U., Grünewald, B., & Menzel, R. (2014). 
Neonicotinoids Interfere with Specific Components of Navigation in Honeybees. PLoS ONE, 
9(3), e91364. https://doi.org/10.1371/journal.pone.0091364 
Fortuna, M. A., & Bascompte, J. (2006). Habitat Loss and the Structure of Plant–animal 
Mutualistic Networks. Ecology Letters, 9, 281–286. https://doi.org/10.1111/j.1461-
0248.2005.00868.x 
76 
Free, J. B. (1966). The Pollination of the Beans Phaseolus multiflorus and Phaseolus vulgaris by 
Honeybees. Journal of Apicultural Research, 5(2), 87–91. https://doi.org/10.1080/ 
00218839.1966.11100139 
Frimpong-Anin, K., Kwapong, P. K., & Gordon, I. (2013). Cocoa Farmers’ Awareness of 
Pollination and its Implication for Pollinator-friendly Practices. Research and Reviews in 
Biosciences, 7(12), 504–512. 
Gallai, N., Salles, J., Settele, J., & Vaissière, B. E. (2009). Economic Valuation of the Vulnerability 
of World Agriculture Confronted with Pollinator Decline. Ecological Economics, 68, 810–
821. https://doi.org/10.1016/j.ecolecon.2008.06.014 
Garcia, R. A., Cabeza, M., Rahbek, C., & Araújo, M. B. (2014). Multiple Dimensions of Climate 
Change and their Implications for Biodiversity. Science, 344, 1247579. https://doi.org/ 
10.1126/science.1247579 
Garibaldi, L. A., Steffan-Dewenter, I., Winfree, R., Aizen, M. A., Bommarco, R., Cunningham, S. 
A., Kremen, C., & Carvalheiro, L. G. (2013). Wild Pollinators Enhance Fruit Set of Crops 
Regardless of Honeybee Abundance. Science, 339, 1608. https://doi.org/10.1126/ 
science.1230200 
Garratt, M. P. D., Coston, D. J., Truslove, C. L., Lappage, M. G., Polce, C., Dean, R., Biesmeijer, 
J. C., & Potts, S. G. (2014). The Identity of Crop Pollinators Helps Target Conservation for 
Improved Ecosystem Services. Biological Conservation, 169, 128–135. https://doi.org/ 
10.1016/j.biocon.2013.11.001 
Garratt, M. P. D., Senapathi, D., Coston, D. J., Mortimer, S. R., & Potts, S. G. (2017). The Benefits 
of Hedgerows for Pollinators and Natural Enemies Depends on Hedge Quality and Landscape 
Context. Agriculture, Ecosystems and Environment, 247, 363–370. https://doi.org/10.1016/ 
j.agee.2017.06.048
77 
Ghazoul, J. (2006). Floral Diversity and the Facilitation of Pollination. Journal of Ecology, 94, 
295–304. https://doi.org/10.1111/j.1365-2745.2006.01098.x 
Ghini, R., Bettiol, W., & Hamada, E. (2011). Diseases in Tropical and Plantation Crops as Affected 
by Climate Changes: Current Knowledge and Perspectives. Plant Pathology, 60(1), 122–132. 
https://doi.org/10.1111/j.1365-3059.2010.02403.x 
Giannini, T. C., Costa, W. F., Cordeiro, G. D., Imperatriz-Fonseca, V. L., Saraiva, A. M., 
Biesmeijer, J., & Garibaldi, L. A. (2017). Projected Climate Change Threatens Pollinators 
and Crop Production in Brazil. PLoS ONE, 12(8), 1–13. https://doi.org/10.1371/journal. 
pone.0182274 
Gill, R. J., & Raine, N. E. (2014). Chronic Impairment of Bumblebee Natural Foraging Behaviour 
Induced by Sublethal Pesticide Exposure. Functional Ecology, 28, 1459–1471. 
https://doi.org/10.1111/1365-2435.12292 
Gill, R. J., Ramos-Rodriguez, O., & Raine, N. E. (2012). Combined Pesticide Exposure Severely 
Affects Individual and Colony level Traits in Bees. Nature, 491, 105–108. https://doi.org/ 
10.1038/nature11585 
Gillespie, M. A. K., Gurr, G. M., & Wratten, S. D. (2016). Beyond Nectar Provision: The other 
Resource Requirements of Parasitoid Biological Control Agents. Entomologia 
Experimentalis et Applicata, 159(2), 207–221. https://doi.org/10.1111/eea.12424 
Goldstein, J., & Zych, M. (2016). What if we Lose a Hub? Experimental Testing of Pollination 
Network Resilience to Removal of Keystone Floral Resources. Arthropod-plant Interactions, 
10(3), 263–271. https://doi.org/10.1007/s11829-016-9431-2 
González-Varo, J. P., Biesmeijer, J. C., Bommarco, R., Gonza, J. P., Potts, S. G., Schweiger, O., 
78 
Smith, H. G., Steffan-Dewenter, I., Szentgyörgyi, H., Woyciechowski, M., & Vilà, M. (2013). 
Combined Effects of Global Change Pressures on Animal-mediated Pollination. Trends in 
Ecology and Evolution, 28(9), 524–530. https://doi.org/10.1016/j.tree. 2013.05.008 
Grass, I., Meyer, S., Taylor, P. J., Foord, S. H., Hajek, P., & Tscharntke, T. (2018). Pollination 
Limitation Despite Managed Honeybees in South African Macadamia Orchards. Agriculture, 
Ecosystems and Environment, 260, 11–18. https://doi.org/10.1016/j.agee. 2018.03.010 
Graystock, P., Yates, K., Darvill, B., Goulson, D., & Hughes, W. O. H. (2013). Emerging Dangers: 
Deadly Effects of an Emergent Parasite in a New Pollinator Host. Journal of Invertebrate 
Pathology, 114, 114–119. https://doi.org/10.1016/j.jip.2013.06.005 
Green, P. W. C., Belmain, S. R., Ndakidemi, P. A., Farrell, I. W., & Stevenson, P. C. (2017). 
Insecticidal Activity of Tithonia diversifolia and Vernonia amygdalina. Industrial Crops and 
Products, 110, 15–21. https://doi.org/10.1016/j.indcrop.2017.08.021 
Guenat, S., Kunin, W. E., Dougill, A. J., & Dallimer, M. (2018). Effects of Urbanisation and 
Management Practices on Pollinators in Tropical Africa. Journal of Applied Ecology, In 
Press. https://doi.org/10.1111/1365-2664.13270 
Gurr, G. M., Wratten, S. D., & Luna, J. M. (2003). Multi-function Agricutlural Biodiversity: Pest 
Management and other Benefits. Basic and Applied Ecology, 4(2), 107–116. 
Gurr, G. M., Lu, Z., Zheng, X., Xu, H., Zhu, P., Chen, G., Yao, X., Cheng, J., Zhu, Z., Catindig, 
J. L., Villareal, S., Van Chien, H., Cuong, L. Q., Channoo, C., Chengwattana, N., Lan, L. P., 
Hai, L. H., Chaiwong, J., Nicol, H. I., & Heong, K. L. (2016). Multi-country Evidence that 
Crop Diversification Promotes Ecological Intensification of Agriculture. Nature Plants, 2(3), 
22–25. https://doi.org/10.1038/nplants.2016.14 
Haggblade, S., Me-Nsope, N. M., & Staatz, J. M. (2017). Food Security Implications of Staple 
79 
Food Substitution in Sahelian West Africa. Food Policy, 71, 27–38. https://doi.org/ 
10.1016/j.foodpol.2017.06.003 
Hagler, J. R., Mueller, S., Teuber, L. R., Machtley, S. A., & Deynze, A. Van. (2011). Foraging 
Range of Honeybees, Apis mellifera, in Alfalfa Seed Production Fields. Journal of Insect 
Science, 11, 144. 
Halbritter, D. A., Daniels, J. C., Whitaker, D. C., & Huang, L. (2015). Reducing Mowing 
Frequency Increases Floral Resource and Butterfly (Lepidoptera: Hesperioidea and 
Papilionoidea) Abundance in Managed Roadside Margins. Florida Entomologist, 98(4), 
1081–1092. https://doi.org/10.1653/024.098.0412 
Hannon, L. E., & Sisk, T. D. (2009). Hedgerows in an Agri-natural Landscape: Potential Habitat 
Value for Native Bees. Biological Conservation, 142(10), 2140–2154. https://doi.org/ 
10.1016/j.biocon.2009.04.014 
Harris, R. J. (1991). Diet of the Wasps Vespula vulgaris and V.germanica in Honeydew Beech 
Forest of the South Island, New Zealand. New Zealand Journal of Zoology, 18(2), 159–169. 
https://doi.org/10.1080/03014223.1991.10757963 
Harrison, T., & Winfree, R. (2015). Urban Drivers of Plant-pollinator Interactions. Functional 
Ecology, 29, 879–888. https://doi.org/10.1111/1365-2435.12486 
Heard, T. A. (1999). The Role of Stingless Bees in Crop Pollination. Annual Review of 
Entomology, 44, 183–206. 
Heath, S. K., Soykan, C. U., Velas, K. L., Kelsey, R., & Kross, S. M. (2017). A Bustle in the 
Hedgerow: Woody Field Margins Boost on Farm Avian Diversity and Abundance in an 
Intensive Agricultural Landscape. Biological Conservation, 212, 153–161. https:// 
doi.org/10.1016/j.biocon.2017.05.031 
80 
Hebbar, S. S., Harsha, V. H., Shripathi, V., & Hegde, G. R. (2004). Ethnomedicine of Dharwad 
District in Karnataka, India Plants Used in Oral Health Care. Journal of Ethnopharmacology, 
94, 261–266. https://doi.org/10.1016/j.jep.2004.04.021 
Hegland, S. J., Nielsen, A., Lázaro, A., Bjerknes, A., & Totland, Ø. (2009). How Does Climate 
Warming Affect Plant-pollinator Interactions? Ecology Letters, 12, 184–195. https:// 
doi.org/10.1111/J.1461-0248.2008.01269.x 
Heimoana, V., Pilkington, L. J., Raman, A., Mitchell, A., Nicol, H. I., Johnson, A. C., & Gurr, G. 
M. (2017). Integrating Spatially Explicit Molecular and Ecological Methods to Explore the 
Significance of Non-crop Vegetation to Predators of Brassica Pests. Agriculture, Ecosystems 
and Environment, 239, 12–19. https://doi.org/10.1016/j.agee. 2017.01.008 
Hemp, A. (2006a). Continuum or Zonation? Altitudinal Gradients in the Forest Vegetation of Mt. 
Kilimanjaro. Plant Ecology, 184, 27–42. https://doi.org/10.1007/s11258-005-9049-4 
Hemp, A. (2006b). The Banana Forests of Kilimanjaro: Biodiversity and Conservation of the 
Chagga Homegardens. Biodiversity and Conservation, 15, 1193–1217. https://doi.org/ 
10.1007/s10531-004-8230-8 
Henry, M., Béguin, M., Requier, F., Rollin, O., Odoux, J., Aupinel, P., Aptel, J., Tchamitchian, S., 
& Decourtye, A. (2012). A Common Pesticide Decreases Foraging Success and Survival in 
Honeybees. Science, 336, 348–350. https://doi.org/10.1126/science.1215039 
Hillocks, R. J., Madata, C. S., Chirwa, R., Minja, E. M., & Msolla, S. (2006). Phaseolus Bean 
Improvement in Tanzania, 1959-2005. Euphytica, 150(1–2), 215–231. https://doi.org/ 
10.1007/s10681-006-9112-9 
Holzschuh, A., Dainese, M., González-Varo, J. P., Mudri-Stojnić, S., Riedinger, V., Rundlöf, M., 
81 
Scheper, J., Wickens, B. J., Wickens, V. J., Bommarco, R., Kleijn, D., Potts, S. G., Roberts, 
S. P. M., Henrik, G. S., Montserrat, V., Vujić, A., & Steffan-Dewenter, I. (2016). Mass-
flowering Crops Dilute Pollinator Abundance in Agricultural Landscapes across Europe. 
Ecology Letters, 19, 1228–1236. https://doi.org/10.1111/ele.12657 
Horrigan, L., Lawrence, R. S., & Walker, P. (2002). How Sustainable Agriculture can Address the 
Environmental and Human Health Harms of Industrial Agriculture. Environmental Health 
Perspectives, 110(5), 445–456. 
Hussain, F., Rana, Z., Sha, H., Malik, A., & Hussain, Z. (2017). Phytopharmacological Potential 
of Different Species of Morus alba and their Bioactive Phytochemicals: A Review. Asian 
Pacific Journal of Tropical Biomedicine, 7(10), 950–956. https://doi.org/10.1016/j.apjtb. 
2017.09.015 
Ibarra-Perez, F. J., Barnhart, D., Ehdaie, B., Knio, K. M., & Waines, J. G. (1999). Effects of Insect 
Tripping on Seed Yield of Common Bean. Crop Science, 39, 428–433. 
https://doi.org/10.2135/cropsci1999.0011183x0039000200022x 
Ibarra-Perez, F. J., Ehdaie, B., & Waines, J. G. (1997). Estimation of Outcrossing Rate in Common 
Bean. Crop Science, 37, 60–65. https://doi.org/10.2135/cropsci1997.0011183x 
003700010009x 
Irshad, M., & Stephen, E. (2014). Review: Pollination, Pollinated and Pollinators Interaction in 
Pakistan. Journal of Bioresource Management, 1(1), 19–25. 
Isaacs, R., & Kirk, A. K. (2010). Pollination Services Provided to Small and Large Highbush 
Blueberry Fields by Wild and Managed Bees. Journal of Applied Ecology, 47, 841–849. 
https://doi.org/10.1111/J.1365-2664.2010.01823.x 
Iwasa, T., Motoyama, N., Ambrose, J. T., & Roe, R. M. (2004). Mechanism for the Differential 
82 
Toxicity of Neonicotinoid Insecticides in the Honey Bee, Apis mellifera. Crop Protection, 
23, 371–378. https://doi.org/10.1016/j.cropro.2003.08.018 
Jaca, T. P., & Kambizi, L. (2011). Antibacterial Properties of some Wild Leafy Vegetables of the 
Eastern Cape Province, South Africa. Journal of Medicinal Plants Research, 5, 2624–2628. 
James, R. R., & Xu, J. (2012). Mechanisms by which Pesticides Affect Insect Immunity. Journal 
of Invertebrate Pathology, 109(2), 175–182. https://doi.org/10.1016/j.jip. 2011.12.005 
Jentsch, A., & Beierkuhnlein, C. (2008). Research Frontiers in Climate Change: Effects of Extreme 
Meteorological Events on Ecosystems. Comptes Rendus Geoscience, 340, 621–628. 
https://doi.org/10.1016/J.Crte.2008.07.002 
Kaiser-Bunbury, C. N., Muff, S., Memmott, J., Müller, C. B., & Caflisch, A. (2010). The 
Robustness of Pollination Networks to the Loss of Species and Interactions: A Quantitative 
Approach Incorporating Pollinator Behaviour. Ecology Letters, 13, 442–452. 
https://doi.org/10.1111/J.1461-0248.2009.01437.x 
Kasina, J. M., Mburu, J., Kraemer, M., & Holm-Mueller, K. (2009). Economic Benefit of Crop 
Pollination by Bees : A Case of Kakamega Small-holder Farming in Western Kenya. Journal 
of Economic Entomology, 102(2), 467–473. https://doi.org/http://dx.doi.org/10.1603/ 
029.102.0201 
Kasina, M., Kraemer, M., Martius, C., & Wittmann, D. (2009a). Diversity and Activity Density of 
Bees Visiting Crop Flowers in Kakamega, Western Kenya. Journal of Apicultural Research, 
48(2), 134–139. https://doi.org/10.3896/ibra.1.48.2.08 
Kasina, M., Kraemer, M., Martius, C., & Wittmann, D. (2009b). Farmers’ Knowledge of Bees and 
their Natural History in Kakamega District, Kenya. Journal of Apicultural Research, 48(2), 
126–133. https://doi.org/10.3896/ibra.1.48.2.07 
83 
Katungi, E., Farrow, A., Chianu, J., Sperling, L., & Beebe, S. (2009). Common Bean in Eastern 
and Southern Africa: A Situation and Outlook Analysis. International Centre for Tropical 
Agriculture. 
Kearns, C. A., & Oliveras, D. M. (2009). Environmental Factors Affecting Bee Diversity in Urban 
and Remote Grassland Plots in Boulder, Colorado. Journal of Insect Conservation, 13(6), 
655–665. https://doi.org/10.1007/s10841-009-9215-4 
Keasar, T. (2010). Large Carpenter Bees as Agricultural Pollinators. Psyche, 2010, 1–7. https:// 
doi.org/10.1155/2010/927463 
Kells, A. R., Holland, J. M., & Goulson, D. (2001). The Value of Uncropped Field Margins for 
Foraging Bumblebees. Journal of Insect Conservation, 5, 283–291. 
Kennedy, C. M., Lonsdorf, E., Neel, M. C., Williams, N. M., Ricketts, T. H., Winfree, R., 
Bommarco, R., Brittain, C., Burley, A. L., Cariveau, D., Carvalheiro, L. G., Chacoff, N. P., 
Cunningham, S. A., Danforth, B. N., Dudenhöffer, J. H., Elle, E., Gaines, H. R., Garibaldi, 
L. A., Gratton, C., & Kremen, C. (2013). A Global Quantitative Synthesis of Local and 
Landscape Effects on Wild Bee Pollinators in Agroecosystems. Ecology Letters, 16(5), 584–
599. https://doi.org/10.1111/ele.12082 
Kevan, P. G. (1999). Pollinators as Bioindicators of the State of the Environment: Species, Activity 
and Diversity. Agriculture, Ecosystems and Environment, 74(1–3), 373–393. 
https://doi.org/10.1016/s0167-8809(99)00044-4 
Kevan, P. G., Clark, E. A., Thomas, V. G., Kevan, P. G., Clark, E. A., & Thomas, V. G. (1990). 
Insect Pollinators and Sustainable Agriculture. American Journal of Alternative Agriculture, 
5, 13–22. https://doi.org/10.1017/s0889189300003179 
84 
Khan, Z., Midega, C., Pittchar, J., Pickett, J., & Bruce, T. (2011). Push–pull Technology: A 
Conservation Agriculture Approach for Integrated Management of Insect Pests, Weeds and 
Soil Health in Africa. International Journal of Agricultural Sustainability, 9(1), 162–170. 
https://doi.org/10.3763/ijas.2010.0558 
Kiatoko, N., Raina, S. K., Muli, E., & Mueke, J. (2014). Enhancement of Fruit Quality in Capsicum 
annum through Pollination by Hypotrigona gribodoi in Kakamega, Western Kenya. 
Entomological Science, 17, 106–110. https://doi.org/10.1111/ens.12030 
Kingha, B. M. T., Fohouo, F.-N. T., Ngakou, A., & Brückner, D. (2012). Foraging and Pollination 
Activities of Xylocopa olivacea (Hymenoptera, Apidae) on Phaseolus vulgaris (Fabaceae) 
Flowers at Dang (Ngaoundere-Cameroon). Journal of Agricultural Extension and Rural 
Development, 4(6), 330–339. https://doi.org/10.5897/jaerd11.151 
Klatt, B. K., Holzschuh, A., Westphal, C., Clough, Y., Smit, I., Pawelzik, E., & Tscharntke, T. 
(2013). Bee Pollination Improves Crop Quality, Shelf Life and Commercial Value. 
Proceedings of the Royal Society: Biological Sciences, 281(1775), 20132440–20132440. 
https://doi.org/10.1098/rspb.2013.2440 
Klein, A. M., Steffan-Dewenter, I., Buchori, D., & Tscharntke, T. (2002). Effects of Land-use 
Intensity in Tropical Agroforestry Systems on Coffee Flower-visiting and Trap-nesting Bees 
and Wasps. Conservation Biology, 16(4), 1003–1014. 
Klein, A. M., Steffan-Dewenter, I., & Tscharntke, T. (2003). Fruit Set of Highland Coffee 
Increases with the Diversity of Pollinating Bees. Proceedings of the Royal Society of London: 
Biological Sciences, 270, 955–961. https://doi.org/10.1098/rspb.2002.2306 
Klein, A. M., Vaissiere, B. E., Cane, J. H., Steffan-Dewenter, I., Cunningham, S. A., Kremen, C., 
& Tscharntke, T. (2007). Importance of Pollinators in Changing Landscapes for World Crops. 








Klein, A. M. (2009). Nearby Rainforest Promotes Coffee Pollination by Increasing Spatio-
Temporal Stability in Bee Species Richness. Forest Ecology and Management, 258(9), 1838–
1845. https://doi.org/10.1016/J.Foreco.2009.05.005 
 
Kohler, F., Verhulst, J., Van Klink, R., & Kleijn, D. (2008). At what Spatial Scale do High-quality 
Habitats Enhance the Diversity of Forbs and Pollinators in Intensively Farmed Landscapes? 
Journal of Applied Ecology, 45, 753–762. https://doi.org/10.1111/J.1365-2664.2007.01394.x 
 
Korpela, E. L., Hyvönen, T., Lindgren, S., & Kuussaari, M. (2013). Can Pollination Services, 
Species Diversity and Conservation be Simultaneously Promoted by Sown Wildflower Strips 
on Farmland? Agriculture, Ecosystem and Environment, 179, 18–24. https://doi.org/10.1016/ 
j.agee. 2013.07.001 
 
Koskey, G., Mburu, S. W., Njeru, E. M., Kimiti, J. M., Ombori, O., & Maingi, J. M. (2017). 
Potential of Native Rhizobia in Enhancing Nitrogen Fixation and Yields of Climbing Beans 
(Phaseolus vulgaris L .) in Contrasting Environments of Eastern Kenya. Frontiers in Plant 
Science, 8, 443. https://doi.org/10.3389/fpls.2017.00443 
 
Kovács-Hostyánszki, A., Espíndola, A., Vanbergen, A. J., Settele, J., Kremen, C., & Dicks, L. V. 
(2017). Ecological Intensification to Mitigate Impacts of Conventional Intensive Land use on 
Pollinators and Pollination. Ecology Letters, 20, 673–689. https://doi.org/10.1111/ele. 12762 
 
Krauss, J., Gallenberger, I., & Steffan-Dewenter, I. (2011). Decreased Functional Diversity and 
Biological Pest Control in Conventional Compared to Organic Crop Fields. PLoS ONE, 6(5), 
1–9. https://doi.org/10.1371/journal.pone.0019502 
 
Kremen, C., Williams, N. M., Bugg, R. L., Fay, J. P., & Thorp, R. W. (2004). The Area 






California. Ecology Letters, 7, 1109–1119. https://doi.org/10.1111/J.1461-0248.2004. 
00662.x 
 
Krimmer, E., Martin, E. A., Krauss, J., Holzschuh, A., & Steffan-Dewenter, I. (2019). Size, Age 
and Surrounding Semi-natural Habitats Modulate the Effectiveness of Flower-rich Agri-
environment Schemes to Promote Pollinator Visitation in Crop Fields. Agriculture, 
Ecosystems and Environment, 284, 106590. https://doi.org/https://doi.org/10.1016/ j.agee. 
2019.106590 
 
Krupke, C. H., Hunt, G. J., Eitzer, B. D., Andino, G., & Given, K. (2012). Multiple Routes of 
Pesticide Exposure for Honey Bees Living near Agricultural Fields. PLoS ONE, 7(1), e29268. 
https://doi.org/10.1371/journal.pone.0029268 
 
Kutywayo, D., Chemura, A., Kusena, W., Chidoko, P., & Mahoya, C. (2013). The Impact of 
Climate Change on the Potential Distribution of Agricultural Pests: The Case of the Coffee 
White Stem Borer (Monochamus leuconotus P.) in Zimbabwe. PLoS ONE, 8(8), 1–11. 
https://doi.org/10.1371/journal.pone.0073432 
 
Landis, D. A., Wratten, S. D., & Gurr, G. M. (2000). Habitat Management to Conserve Natural 
Enemies of Arthropod Pests. Annual Review of Entomology, 45, 175–201. 
 
Larson, B. M. H., Kevan, P., & Inouye, D. (2001). Flies and Flowers: Taxonomic Diversity of 
Anthophiles and Pollinators. The Canadian Entomologist, 133, 439–465. https://doi.org/ 
10.4039/ent133439-4 
 
Lautenbach, S., Seppelt, R., Liebscher, J., & Dormann, C. F. (2012). Spatial and Temporal Trends 
of Global Pollination Benefit. PLoS ONE, 7(4), e35954. https://doi.org/10.1371/ journal. 
pone.0035954 
 






Growth and Respiration of Plants. Journal of Agricultural and Food Chemistry, 10(3), 251–
256. https://doi.org/doi:10.1021/jf60121a024 
 
Liow, L. H., Sodhi, N. S., & Elmqvist, T. (2001). Bee Diversity along a Disturbance Gradient in 
Tropical Lowland Forests of South-east Asia. Journal of Applied Ecology, 38, 180–192. 
 
Lopezaraiza-Mikel, M. E., Hayes, R. B., Whalley, M. R., & Memmott, J. (2007). The Impact of 
an Alien Plant on a Native Plant–pollinator Network: An Experimental Approach. Ecology 
Letters, 10, 539–550. https://doi.org/10.1111/j.1461-0248.2007.01055.x 
 
Lundgren, R., Lázaro, A., & Totland, Ø. (2013). Experimental Pollinator Decline Affects Plant 
Reproduction And is Mediated by Plant Mating System. Journal of Pollination Ecology, 
11(7), 46–56. 
 
Luo, C., Li, K., Chen, Y., & Sun, Y. (2007). Floral Display and Breeding System of Jatropha 
curcas L . Forestry Studies in China, 9(2), 114–119. https://doi.org/10.1007/s11632-007-
0017-z 
 
Lyver, P., Perez, E., Carneiro Da Cunha, M., Roué, M., & (Eds.). (2015). Indigenous and Local 
Knowledge about Pollination and Pollinators Associated with Food Production: Outcomes 
from the Global Dialogue Workshop (Panama 1-5 December 2014). 
 
Mackauer, M., & Völkl, W. (1993). Regulation of Aphid Populations by Aphidiid Wasps: Does 
Parasitoid Foraging Behaviour or Hyperparasitism Limit Impact? Oecologia, 94, 339–350. 
 
Maderson, S., & Wynne-Jones, S. (2016). Beekeepers’ Knowledges and Participation in Pollinator 
Conservation Policy. Journal of Rural Studies, 45, 88–98. https://doi.org/10.1016/j.jrurstud. 
2016.02.015 
 






The Decline of Coffee and the Rise of Maize and Rice. African Study Monographs, 35, 73–
83. 
 
Magrini, E., Balié, J., & Morales-Opazo, C. (2017). Cereal Price Shocks and Volatility in Sub-
saharan Africa: What Really Matters for Farmers’ Welfare? Agricultural Economics (United 
Kingdom), 48(6), 719–729. https://doi.org/10.1111/agec.12369 
 
Margaret, N., Tenywa, J. S., Otabbong, E., Mubiru, D. N., & Ali, T. (2014). Development of 
Common Bean (Phaseolus vulgaris L .) Production Under Low Soil Phosphorus and Drought 
in Sub-saharan Africa. Journal of Sustainable Development, 7(5), 128–139. https://doi.org/ 
10.5539/jsd.v7n5p128 
 
Marques, M. F., Hautequestt, A. P., Oliveira, U. B., De Freitas Manhães-Tavares, V., Perkles, O. 
R., Zappes, C. A., & Gaglianone, M. C. (2017). Local Knowledge on Native Bees and their 
role as Pollinators in Agricultural Communities. Journal of Insect Conservation, 21(2), 345–
356. https://doi.org/10.1007/s10841-017-9981-3 
 
Marshall, E. J. P., & Moonen, A. C. (2002). Field Margins in Northern Europe: Integrating 
Agricultural, Environmental and Biodiversity Functions. Agriculture, Ecosystems and 
Environment, 89, 5–21. https://doi.org/10.1016/s0167-8809(01)00315-2 
 
Martins, C., De Siqueira, K., Kiill, L., Sá, I., & Aguiar, C. M. L. (2014). Density and Distribution 
of Xylocopa Nests (Hymenoptera: Apidae) in Caatinga Areas in the Surroundings of Passion 
Fruit Crops. Neotropical Entomology, 43, 314–321. https://doi.org/10.1007/s13744-014-
0221-1 
 
Marzinzig, B., Brünjes, L., Biagioni, S., Behling, H., & Link, W. (2018). Bee Pollinators of Faba 
Bean (Vicia faba L .) differ in their Foraging Behaviour and Pollination Efficiency. 








Masiga, R., Kasina, M., Mbugi, J., Odhiambo, C., Kinuthia, W., Gemmill-Herren, B., & Vaissiere, 
B. E. (2014). Do French Beans (Phaseolus vulgaris) Grown in Proximity to Mt. Kenya Forest 
in Kenya Experience Pollination Deficit? Journal of Pollination Ecology, 14(24), 255–260. 
 
Mavengahama, S., Mclachlan, M., & De Clercq, W. (2013). The Role of Wild Vegetable Species 
in Household Food Security in Maize Based Subsistence Cropping Systems. Food Security, 
5(2), 227–233. https://doi.org/10.1007/s12571-013-0243-2 
 
Mawdsley, J. R. (2003). The Importance of Species of Dasytinae (Coleoptera: Melyridae ) as 
Pollinators in Western North America. The Coleopterists Bulletin, 57(2), 154–160. 
http://www.jstor.org/stable/4009711. 
 
Mcconnell, M., Mamidi, S., Lee, R., Chikara, S., Rossi, M., Papa, R., & Mcclean, P. (2010). 
Syntenic Relationships among Legumes Revealed using a Gene-based Genetic Linkage Map 
of Common Bean (Phaseolus vulgaris L.). Theoretical and Applied Genetics, 121(6), 1103–
1116. https://doi.org/10.1007/s00122-010-1375-9 
 
Melin, A., Rouget, M., Midgley, J. J., & Donaldson, J. S. (2014). Pollination Ecosystem Services 
in South African Agricultural Systems. South African Journal of Science, 110(11), 1–9. 
https://doi.org/http://dx.doi.org/10.1590/ sajs.2014/20140078 
 
Melisie, D., & Damte, T. (2017). Effects of some Insecticides on Foraging Honeybees on Onion. 
Recent Research in Science and Technology, 9, 13–17. https://doi.org/10.25081/ rrst. 
2017.9.3357 
 
Mellanby, K. (1939). Low Temperature and Insect Activity. Proceedings of the Royal Society of 
London, Biological Sciences, 127, 473–487. https://doi.org/10.1098/rspb.1939.0035 
 






Extinctions. Proceedings of the Royal Society of London: Biological Sciences, 271, 2605–
2611. https://doi.org/10.1098/ rspb.2004.2909 
 
Midega, C. A. O., Pittchar, J. O., Pickett, J. A., Hailu, G. W., & Khan, Z. R. (2018). A Climate-
adapted Push-pull System Effectively Controls Fall Armyworm, Spodoptera frugiperda (J E 
Smith), in Maize in East Africa. Crop Protection, 105, 10–15. https://doi.org/ 10.1016/ 
j.cropro.2017.11.003 
 
Midega, C. A. O., Wasonga, C. J., Hooper, A. M., Pickett, J. A., & Khan, Z. R. (2017). Drought-
tolerant Desmodium Species Effectively Suppress Parasitic Striga Weed and Improve Cereal 
Grain Yields in Western Kenya. Crop Protection, 98, 94–101. https://doi.org/10.1016/ 
j.cropro.2017.03.018 
 
Milfont, M. D. O., Rocha, E. E. M., Lima, A. O. N., & Freitas, B. M. (2013). Higher Soybean 
Production using Honeybee and Wild Pollinators, a Sustainable Alternative to Pesticides and 
Autopollination. Environmental Chemistry Letters, 1–7. https://doi.org/10.1007/ s10311-
013-0412-8 
 
Millennium Ecosystem Assessment. (2005). Ecosystems and Human Well-being: Synthesis. 
 
Mkenda, P. A., Stevenson, P. C., Ndakidemi, P., Farman, D. I., & Belmain, S. R. (2015). Contact 
and Fumigant Toxicity of Five Pesticidal Plants against Callosobruchus maculatus 
(Coleoptera: Chrysomelidae) in Stored Cowpea (Vigna unguiculata). International Journal 
of Tropical Insect Science, 35(4), 172–184. https://doi.org/10.1017/ s174275841500017x 
 
Mkindi, A., Mpumi, N., Tembo, Y., Stevenson, P. C., Ndakidemi, P. A., Mtei, K., Machunda, R., 
& Belmain, S. R. (2017). Invasive Weeds with Pesticidal Properties as Potential New Crops. 
Industrial Crops and Products, 110, 113–122. https://doi.org/10.1016/j.indcrop .2017.06.002 
 






Agriculture, Ecosystems and Environment, 127(1–2), 7–21. https://doi.org/10.1016/ j.agee. 
2008.02.013 
 
Morandin, L. A., & Kremen, C. (2013). Hedgerow Restoration Promotes Pollinator Populations 
and Exports Native Bees to Adjacent Fields. Ecological Applications, 23(4), 829–839. 
https://doi.org/10.1890/12-1051.1 
 
Morrison, J., Izquierdo, J., Plaza, E. H., & González-Andújar, J. L. (2017). The Role of Field 
Margins in Supporting Wild Bees in Mediterranean Cereal Agroecosystems: Which Biotic 
and Abiotic Factors are Important? Agriculture, Ecosystems and Environment, 247, 216–224. 
https://doi.org/10.1016/j.agee.2017.06.047 
 
Mudavanhu, S., Blignaut, J., Stegmann, N., Barnes, G., Prinsloo, W., & Tuckett, A. (2017). The 
Economic Value of Ecosystem Goods and Services: The Case of Mogale’s Gate Biodiversity 
Centre, South Africa. Ecosystem Services, 26, 127–136. https://doi.org/ 10.1016/j.ecoser. 
2017.06.005 
 
Munyuli, T. (2011). Farmers’ Perceptions of Pollinators’ Importance in Coffee Production in 
Uganda. Agricultural Sciences, 02(03), 318–333. https://doi.org/10.4236/as.2011.23043 
 
Mvena, Z. S. K., Mattee, A. Z., Wambura, R. M., Mwaseba, D. L., Lazaro, E. A., Kiranga, E. D., 
& Kilave, D. M. (2013). Farmer Field Schools as a Springboard for Enhanced Uptake of New 
Agricultural Technologies: Lessons for Tanzania. Tanzania Journal of Agricultural Sciences, 
12(1), 43–51. 
 
Mwangi, D., Kasina, M., Nderitu, J., Hagen, M., Gikungu, M., & Kraemer, M. (2016). Diversity 
and Abundance of Native Bees Foraging on Hedgerow Plants in the Kakamega Farmlands, 








Nayak, G. K., Roberts, S. P. M., Garratt, M., Breeze, T. D., Tscheulin, T., Harrison-Cripps, J., 
Vogiatzakis, I. N., Stirpe, M. T., & Potts, S. G. (2015). Interactive Effect of Floral Abundance 
and Semi-natural Habitats on Pollinators in Field Beans (Vicia faba). Agriculture, Ecosystems 
and Environment, 199, 58–66. https://doi.org/10.1016/j.agee. 2014.08.016 
 
Ne’eman, G., Dafni, A., & Potss, S. G. (2000). The Effect of Fire on Flower Visitation Rate and 
Fruit Set in Four Core-species in East Mediterranean Scrubland. Plant Ecology, 146, 97–104. 
https://doi.org/10.1023/a:1009815318590 
 
Nicholls, C., Altieri, M., & Vazquez, L. (2016). Agroecology: Principles for the Conversion and 
Redesign of Farming Systems. Journal of Ecosystem and Ecography, S5, 010. 
https://doi.org/10.4172/2157-7625.s5-010 
 
Nicholls, C. I., & Altieri, M. A. (2013). Plant Biodiversity Enhances Bees and other Insect 
Pollinators in Agroecosystems. A Review. Agronomy for Sustainable Development, 33, 257–
274. https://doi.org/10.1007/S13593-012-0092-y 
 
Nielsen, A., Reitan, T., Rinvoll, A. W., & Brysting, A. K. (2017). Effects of Competition and 
Climate on a Crop Pollinator Community. Agriculture, Ecosystems and Environment, 246, 
253–260. https://doi.org/10.1016/j.agee.2017.06.006 
 
Novais, S. M. A., Nunes, C. A., Santos, N. B., D’amico, A. R., Fernandes, G. W., Quesada, M., 
Braga, R. F., & Neves, A. C. O. (2016). Effects of a Possible Pollinator Crisis on Food Crop 
Production in Brazil. PLoS ONE, 11(11), 1–12. https://doi.org/10.1371/journal.pone. 
0167292 
 
O’kting’ati, A., Maghembe, J. A., Fernandes, E. C. M., & Weaver, G. H. (1984). Plant Species in 








Öckinger, E., & Smith, H. G. (2007). Semi-natural Grasslands as Population Sources for 
Pollinating Insects in Agricultural Landscapes. Journal of Applied Ecology, 44(1), 50–59. 
https://doi.org/10.1111/j.1365-2664.2006.01250.x 
 
Ojija, F., Arnold, S. E. J., & Treydte, A. C. (2019). Impacts of Alien Invasive Parthenium 
hysterophorus on Flower Visitation by Insects to Co‑flowering Plants. Arthropod-Plant 
Interactions, 1–16. https://doi.org/10.1007/S11829-019-09701-3 
 
Ollerton, J., Johnson, S. D., Cranmer, L., & Kellie, S. (2003). The Pollination Ecology of an 
Assemblage of Grassland Asclepiads in South Africa. Annals of Botany, 92, 807–834. 
https://doi.org/10.1093/aob/mcg206 
 
Ollerton, J., Winfree, R., & Tarrant, S. (2011). How many Flowering Plants are Pollinated by 
Animals? Oikos, 120, 321–326. https://doi.org/10.1111/j.1600-0706.2010.18644.x 
 
Otieno, M., Sidhu, C. S., Woodcock, B. A., Wilby, A., Vogiatzakis, I. N., Mauchline, A. L., 
Gikungu, M. W., & Potts, S. G. (2015). Local and Landscape Effects on Bee Functional 
Guilds in Pigeon Pea Crops in Kenya. Journal of Insect Conservation, 19(4), 647–658. 
https://doi.org/10.1007/s10841-015-9788-z 
 
Otieno, M., Woodcock, B. A., Wilby, A., Vogiatzakis, I. N., Mauchline, A. L., Gikungu, M. W., 
& Potts, S. G. (2011). Local Management and Landscape Drivers of Pollination and 
Biological Control Services in a Kenyan Agro-ecosystem. Biological Conservation, 144, 
2424–2431. https://doi.org/10.1016/j.biocon.2011.06.013 
 
Pabst, H., Kühnel, A., & Kuzyakov, Y. (2013). Effect of Land-use and Elevation on Microbial 
Biomass and Water Extractable Carbon in Soils of Mt.  Kilimanjaro Ecosystems. Applied Soil 
Ecology, 67, 10–19. https://doi.org/10.1016/j.apsoil.2013.02.006 
 






Success in Sonneratia caseolaris and Aegiceras corniculatum in a Mangrove Forest in India. 
Journal of Tropical Ecology, 17(3), 431–447. https://doi.org/ 10.1017/s0266467401001298 
 
Papa, R., & Gepts, P. (2003). Asymmetry of Gene Flow and Differential Geographical Structure 
of Molecular Diversity in Wild and Domesticated Common Bean (Phaseolus vulgaris L .) 
from Mesoamerica. Theoretical and Applied Genetics, 106, 239–250. https://doi.org/10.1007/ 
s00122-002-1085-z 
 
Paredes, D., Cayuela, L., Gurr, G. M., & Campos, M. (2013). Effect of Non-crop Vegetation Types 
on Conservation Biological Control of Pests in Olive Groves. PeerJ, 1, e116. https://doi.org/ 
10.7717/peerj.116 
 
Pasquet, S., Peltier, A., Hufford, M. B., Oudin, E., Saulnier, J., Knudsen, J. T., Herren, H. R., & 
Gepts, P. (2008). Long-distance Pollen Flow Assessment through Evaluation of Pollinator 
Foraging Range Suggests Transgene Escape Distances. Pnas, 105(36), 13456–13461. 
 
Pavunraj, M., Baskar, K., Paulraj, M. G., Ignacimuthu, S., & Janarthanan, S. (2014). 
Phagodeterrence And Insecticidal Activity Of Hyptis Suaveolens (Poit.) Against Four 
Important Lepidopteran Pests. Archives of Phytopathology and Plant Protection, 47(1), 113–
121. https://doi.org/10.1080/03235408.2013.800694 
 
Pereira, A. L. C., Taques, T. C., Valim, J. O. S., Madureira, A. P., & Campos, W. G. (2015). The 
Management of Bee Communities by Intercropping with Flowering Basil (Ocimum 
basilicum) Enhances Pollination and Yield of Bell Pepper (Capsicum annuum). Journal of 
Insect Conservation, 19, 479–486. https://doi.org/10.1007/s10841-015-9768-3 
 
Perović, D. J., Gurr, G. M., Simmons, A. T., & Raman, A. (2011). Rubidium Labelling 
Demonstrates Movement of Predators from Native Vegetation to Cotton. Biocontrol Science 







Perrot, T., Gaba, S., Roncoroni, M., Gautier, J. L., & Bretagnolle, V. (2018). Bees Increase Oilseed 
Rape Yield under Real Field Conditions. Agriculture, Ecosystems and Environment, 266, 39–
48. https://doi.org/10.1016/j.agee.2018.07.020 
 
Peters, V. E., Carroll, C. R., Cooper, R. J., Greenberg, R., & Solis, M. (2013). The Contribution 
of Plant Species with a Steady-state Flowering Phenology to Native Bee Conservation and 
Bee Pollination Services. Insect Conservation and Diversity, 6, 45–56. https://doi.org/ 
10.1111/j.1752-4598.2012.00189.x 
 
Phoofolo, M. W., Mabaleha, S., & Mekbib, S. B. (2013). Laboratory Assessment of Insecticidal 
Properties of Tagetes minuta Crude Extracts against Brevicoryne brassicae on Cabbage. 
Journal of Entomology and Nematology, 5(6), 70–76. https://doi.org/10.5897/ jen2013.0080 
 
Pickett, J. A., Woodcock, C. M., Midega, C. A. O., & Khan, Z. R. (2014). Push-pull Farming 
Systems. Current Opinion in Biotechnology, 26, 125–132. https://doi.org/10.1016/ j.copbio. 
2013.12.006 
 
Pisa, L. W., Amaral-Rogers, V., Belzunces, L. P., Bonmatin, J. M., Downs, C. A., Goulson, D., 
Kreutzweiser, D. P., Krupke, C., Liess, M., Mcfield, M., Morrissey, C. A., Noome, D. A., 
Settele, J., Simon-Delso, N., Stark, J. D., Van Der Sluijs, J. P., Van Dyck, H., & Wiemers, 
M. (2015). Effects of Neonicotinoids and Fipronil on Non-target Invertebrates. 
Environmental Science and Pollution Research, 22, 68–102. https://doi.org/10.1007/ s11356-
014-3471-x  
 
Poonkodi, K., & Ravi, S. (2016). Phytochemical Investigation and in Vitro Antimicrobial Activity 
of Richardia scabra. Bangladesh Journal of Pharmacology, 11, 348–352. https:// 
doi.org/10.3329/bjp.v11i2.24666 
 
Porteous, O. (2017). Empirical Effects of Short-term Export Bans: The Case of African Maize. 







Potts, S. G., Biesmeijer, J. C., Kremen, C., Neumann, P., Schweiger, O., & Kunin, W. E. (2010). 
Global Pollinator Declines: Trends, Impacts and Drivers. Trends in Ecology and Evolution, 
25(6), 345–353. https://doi.org/10.1016/j.tree.2010.01.007 
 
Potts, S. G., Imperatriz-Fonseca, V., Ngo, H. T., Aizen, M. A., Biesmeijer, J. C., Breeze, T. D., 
Dicks, L. V., Garibaldi, L. A., Hill, R., Settele, J., & Vanbergen, A. J. (2016). Safeguarding 
Pollinators and their Values to Human Well-being. Nature, 540, 220–229. https://doi.org/ 
10.1038/nature20588 
 
Potts, S. G., Roberts, S. P. M., Dean, R., Marris, G., Brown, M. A., Jones, R., Neumann, P., & 
Settele, J. (2010). Declines of Managed Honey Bees and Beekeepers in Europe. Journal of 
Apicultural Research, 49(1), 15–22. https://doi.org/doi: 10.3896/ibra.1.49.1.02 
 
Potts, S. G., Vulliamy, B., Dafni, A., Ne’eman, G., O’toole, C., Roberts, S., & Willmer, P. (2003). 
Response of Plant-pollinator Communities to Fire: Changes in Diversity, Abundance and 
Floral Reward Structure. Oikos, 101, 103–112. https://doi.org/10.1034/j.1600-0706.2003. 
12186.x 
 
Potts, S. G., Vulliamy, B., Roberts, S., O’toole, C., Dafni, A., Ne’eman, G., & Willmer, P. (2005). 
Role of Nesting Resources in Organising Diverse Bee Communities in a Mediterranean 
Landscape. Ecological Entomology, 30, 78–85. https://doi.org/10.1111/j.0307-6946. 
2005.00662.x 
 
Pounders, C., Reed, S., & Pooler, M. (2006). Comparison of Self-and Cross-pollination on Pollen 
Tube Growth, Seed Development, and Germination in Crapemyrtle. Hortscience, 41(3), 575–
578. 
 
Power, A. G. (2010). Ecosystem Services and Agriculture: Tradeoffs and Synergies. Philosophical 








Pretty, J., Benton, T. G., Bharucha, Z. P., Dicks, L. V., Flora, C. B., Godfray, H. C. J., Goulson, 
D., Hartley, S., Lampkin, N., Morris, C., Pierzynski, G., Prasad, P. V. V., Reganold, J., 
Rockström, J., Smith, P., Thorne, P., & Wratten, S. (2018). Global Assessment of Agricultural 
System Redesign for Sustainable Intensification. Nature Sustainability, 1, 441–446. 
https://doi.org/10.1038/s41893-018-0114-0 
 
Pretty, J. N., Noble, A. D., Bossio, D., Dixon, J., Hine, R. E., Penning De Vries, F. W. T., & 
Morison, J. I. L. (2006). Resource-conserving Agriculture Increases Yields in Developing 
Countries. Environmental Science and Technology, 40(4), 1114–1119. https://doi.org/ 
10.1021/ es051670d 
 
R Core Team. (2017). R: A Language and Environment for Statistical Computing (Version 3.4.2). 
R Foundation for Statistical Computing, Vienna, Austria. 
 
Rader, R., Bartomeus, I., Garibaldi, L. A., Garratt, M. P. D., Howlett, B. G., Winfree, R., 
Cunningham, S. A., Mayfield, M. M., Arthur, A. D., Andersson, G. K. S., Bommarco, R., 
Brittain, C., Carvalheiro, L. G., Chacoff, N. P., Entling, M. H., Foully, B., Freitas, B. M., 
Gemmill-Herren, B., Ghazoul, J., & Woyciechowski, M. (2016). Non-bee Insects are 
Important Contributors to Global Crop Pollination. Proceedings of the National Academy of 
Sciences, 113(1), 146–151. https://doi.org/10.1073/pnas.1517092112 
 
Rader, R., Edwards, W., Westcott, D. A., Cunningham, S. A., & Howlett, B. G. (2011). Pollen 
Transport Differs among Bees and Flies in a Human-modified Landscape. Diversity and 
Distributions, 17, 519–529. https://doi.org/10.1111/j.1472-4642.2011.00757.x 
 
Raina, S. K., Kioko, E., Zethner, O., & Wren, S. (2011). Forest Habitat Conservation in Africa 








Raju, A. J. S., & Rao, S. P. (2006). Nesting Habits, Floral Resources and Foraging Ecology of 
Large Carpenter Bees (Xylocopa latipes and Xylocopa pubescens) in India. Current Science, 
90(9), 1210–1217. 
 
Ramalho, M. (2004). Stingless Bees and Mass Flowering Trees in the Canopy of Atlantic Forest: 
A Tight Relationship. Acta Botanica Brasilica, 18(1), 37–47. 
 
Ramalingam, R., Nath, A. R., Madhavi, B. B., & Nagulu, M. (2013). Invitro Free Radical 
Scavenging, Cytotoxic and Acetylcholinesterase Inhibitory Activities of Leucas 
martinicensis. International Journal of Chemical and Analytical Science, 4, 91–95. 
https://doi.org/10.1016/j.ijcas.2013.04.005 
 
Ramírez, V. M., Calvillo, L. M., & Kevan, P. G. (2013). Effects of Human Disturbance and Habitat 
Fragmentation on Stingless Bees (R. D. Vit P., Pedro S. (Ed.); In: Vit P.). Springer, New 
York,. https://doi.org/10.1007/978-1-4614-4960-7 
 
Rands, S. A., & Whitney, H. M. (2011). Field Margins, Foraging Distances and their Impacts on 
Nesting Pollinator Success. PLoS ONE, 6(10), e25971. https://doi.org/10.1371/journal. pone. 
0025971 
 
Ratnadass, A., Fernandes, P., Avelino, J., & Habib, R. (2012). Plant Species Diversity for 
Sustainable Management of Crop Pests and Diseases in Agroecosystems: A Review. 
Agronomy for Sustainable Development, 32, 273–303. https://doi.org/10.1007/s13593-011-
0022-4 
 
Richards, A. J. (2001). Does Low Biodiversity Resulting from Modern Agricultural Practice 








Richardson, R. B. (2010). Ecosystem Services and Food Security: Economic Perspectives on 
Environmental Sustainability. Sustainability, 2(12), 3520–3548. https://doi.org/10.3390/ 
su2123812 
 
Ricketts, T. H. (2004). Tropical Forest Fragments Enhance Pollinator Activity in Nearby Coffee 
Crops. Conservation Biology, 18(5), 1262–1271. https://doi.org/10.1111/j.1523-1739.2004. 
00227.x 
 
Rijn, P. C. J. Van, Kooijman, J., & Wäckers, F. L. (2013). The Contribution of Floral Resources 
and Honeydew to the Performance of Predatory Hoverflies (Diptera: Syrphidae). Biological 
Control, 67(1), 32–38. https://doi.org/10.1016/j.biocontrol.2013.06.014 
 
Rioba, N. B., & Stevenson, P. C. (2017). Ageratum conyzoides L. for the Management of Pests 
and Diseases by Small Holder Farmers. Industrial Crops and Products, 110, 22–29. 
https://doi.org/10.1016/j.indcrop.2017.06.068 
 
Roldán, S. A., & Guerra-Sanz, J. M. (2006). Quality Fruit Improvement in Sweet Pepper Culture 
by Bumblebee Pollination. Scientia Horticulturae, 110(2), 160–166. https://doi.org/ 
10.1016/j.scienta.2006.06.024 
 
Roulston, T. H., & Goodell, K. (2011). The Role of Resources and Risks in Regulating Wild Bee 
Populations. Annual Review of Entomology, 56, 293–312. https://doi.org/10.1146/ annurev-
ento-120709-144802 
 
Rundlöf, M., Lundin, O., & Bommarco, R. (2018). Annual Flower Strips Support Pollinators and 
Potentially Enhance Red Clover Seed Yield. Ecology and Evolution., 8, 7974–7985. 
https://doi.org/ 10.1002/ece3.4330 
 
Sala, O. E., Iii, F. S. C., Armesto, J. J., Berlow, E., Bloomfield, J., Dirzo, R., Huber-Sanwald, E., 






Oesterheld, M., Poff, N. L., Sykes, M. T., Walker, B. H., Walker, M., & Wall, D. H. (2000). 
Global Biodiversity Scenarios for the Year 2100. Science, 287, 1770–1774. 
https://doi.org/10.1126/science.287.5459.1770 
 
Samejima, H., Marzuki, M., Nagamitsu, T., & Nakasizuka, T. (2004). The Effects of Human 
Disturbance on a Stingless Bee Community in a Tropical Rainforest. Biological 
Conservation, 120, 577–587. https://doi.org/10.1016/j.biocon.2004.03.030 
 
Sánchez-Bayo, F., & Wyckhuys, K. A. G. (2019). Worldwide Decline of the Entomofauna: A 
Review of its Drivers. Biological Conservation, 232, 8–27. https://doi.org/10.1016/ 
j.biocon.2019.01.020 
 
Sardiñas, H. S., & Kremen, C. (2015). Pollination Services from Field-scale Agricultural 
Diversification may be Context-dependent. Agriculture, Ecosystems and Environment, 207, 
17–25. https://doi.org/10.1016/j.agee.2015.03.020 
 
Schellhorn, N. A., Siekmann, G., Paull, C., Furness, G., & Baker, G. (2004). The Use of Dyes to 
Mark Populations of Beneficial Insects in the Field. International Journal of Pest 
Management, 50(3), 153–159. https://doi.org/10.1080/09670870410001731862 
 
Scheper, J., Holzschuh, A., Kuussaari, M., Potts, S. G., Rundlöf, M., Smith, H. G., & Kleijn, D. 
(2013). Environmental Factors Driving the Effectiveness of European Agri-environmental 
Measures in Mitigating Pollinator Loss – A Meta-analysis. Ecology Letters, 17(7), 912–920. 
https://doi.org/10.1111/ele.12128 
 
Schiffler, G. (2002). Fig Wasps (Hymenoptera: Agaonidae) Associated to Ficus mexiae Standl 
(Moraceae) in Lavras, Minas Gerais, Brazil. Neotropical Entomology, 31(4), 653–655. 
 
Schmitz, J., Hahn, M., & Brühl, C. A. (2014). Agrochemicals in Field Margins – an Experimental 






Agriculture, Ecosystems and Environment, 193, 60–69. https:// doi.org/10.1016/j.agee. 
2014.04.025 
 
Senapathi, D., Biesmeijer, J. C., Breeze, T. D., Carvalheiro, G., Kleijn, D., & Potts, S. G. (2015). 
Pollinator Conservation — the Difference between Managing for Pollination Services and 
Preserving Pollinator Diversity. Current Opinion in Insect Science, 12, 93–101. 
https://doi.org/10.1016/j.cois.2015.11.002 
 
Sheskin, D. J. (2011). Handbook of Parametric and Nonparametric Statistical Procedures. (5th 
Ed). Crc Press, Taylor and Francis Group. 
 
Shin, Y. S., Park, S. D., & Kim, J. H. (2007). Influence of Pollination Methods on Fruit 
Development and Sugar Contents of Oriental Melon (Cucumis melo L. Cv. Sagyejeol-Ggul). 
Scientia Horticulturae, 112(4), 388–392. https://doi.org/10.1016/j.scienta. 2007.01.025 
 
Shuttleworth, A., & Johnson, S. D. (2009). The Importance of Scent and Nectar Filters in a 
Specialized Wasp-pollination System. Functional Ecology, 23, 931–940. https://doi.org/ 
10.1111/j.1365-2435.2009.01573.x 
 
Siddiqui, Z. S., & Ahmed, S. (2006). Combined Effects of Pesticide on Growth and Nutritive 
Composition of Soybean Plants. Pakistan Journal of Botany, 38(3), 721–733. 
 
Sidhu, C. S., & Joshi, N. K. (2016). Establishing Wildflower Pollinator Habitats in Agricultural 
Farmland to Provide Multiple Ecosystem Services. Frontiers in Plant Science, 7, 363. 
https://doi.org/10.3389/fpls.2016.00363 
 
Silveira, L. C. P., Berti Filho, E., Pierre, L. S. R., Peres, F. S. C., & Louzada, J. N. C. (2009). 
Marigold (Tagetes erecta L.) as an Attractive Crop to Natural Enemies in Onion Fields. 







Slaa, E. J., Chaves, L. A. S., Malagodi-Braga, K. S., & Hofstede, F. E. (2006). Stingless Bees in 
Applied Pollination: Practice and Perspectives. Apidologie, 37, 293–315. https://doi.org/ 
10.1051/apido:2006022 
 
Smith, B. M., Chakrabarti, P., Chatterjee, A., Chatterjee, S., Dey, U. K., Dicks, L. V, Giri, B., 
Laha, S., Majhi, Kumar, R., & Basu, P. (2017). Collating and Validating Indigenous and 
Local Knowledge to Apply Multiple Knowledge Systems to an Environmental Challenge: A 
Case-study of Pollinators in India. Biological Conservation, 211, 20–28. https://doi.org/ 
10.1016/j.biocon.2017.04.032 
 
Smith, T. J., & Mayfield, M. M. (2018). The Effect of Habitat Fragmentation on the Bee Visitor 
Assemblages of three Australian Tropical Rainforest Tree Species. Ecology and Evolution, 
8, 8204–8216. https://doi.org/10.1002/ece3.4339 
 
Soini, E. (2005). Changing Livelihoods on the Slopes of Mt Kilimanjaro, Tanzania: Challenges 
and Opportunities in the Chagga Homegarden System. Agroforestry Systems, 64, 157–167. 
https://doi.org/10.1007/s10457-004-1023-y 
 
Sreeramulu, N., Ndossi, G. D., & Mtotomwema, K. (1983). Effect of Cooking on the Nutritive 
Value of Common Food Plants of Tanzania: Part 1-vitamin C in some of the Wild Green 
Leafy Vegetables. Food Chemistry, 10(3), 205–210. 
 
Staatz, J. M., & Dembélé, N. N. (2008). Agriculture for Development in Sub-saharan Africa. 
http://hdl.handle.net/10986/9043 
 
Stanley, D. A., Garratt, M. P. D., Wickens, J. B., Wickens, V. J., Potts, S. G., & Raine, N. E. 
(2015). Neonicotinoid Pesticide Exposure Impairs Crop Pollination Services Provided by 
Bumblebees. Nature, 528, 548–550. https://doi.org/10.1038/nature16167 
 






Population Dynamics in Fragmented Habitats? Ecology, 89(5), 1375–1387. 
 
Stevenson, P. C., Isman, M. B., & Belmain, S. R. (2017). Pesticidal Plants in Africa: A Global 
Vision of New Biological Control Products from Local Uses. Industrial Crops and Products, 
110, 2–9. https://doi.org/https://doi.org/10.1016/j.indcrop.2017.08.034 
 
Stoddard, E. L. (1991). Pollen Vectors and Pollination of Faba Beans in Southern Australia. 
Australian Journal of Agricultural Research, 42, 1173–1178. 
 
Stout, J. C., & Morales, C. L. (2009). Ecological Impacts of Invasive Alien Species on Bees. 
Apidologie, 40, 388–409. https://doi.org/10.1051/apido/2009023 
 
Suinyuy, T. N., Donaldson, J. S., & Johnson, S. D. (2009). Insect Pollination in the African Cycad 
Encephalartos friderici-Guilielmi Lehm. South African Journal of Botany, 75(4), 682–688. 
https://doi.org/10.1016/j.sajb.2009.08.005 
 
Swift, M. J., Izac, A.-M. N., & Van Noordwijk, M. (2004). Biodiversity and Ecosystem Services 
in Agricultural Landscapes—Are we Asking the Right Questions? Agriculture, Ecosystems 
and Environment, 104(1), 113–134. https://doi.org/10.1016/j.agee. 2004.01.013  
 
Tembo, Y., Mkindi, A. G., Mkenda, P. A., & Mpumi, N. (2018). Pesticidal Plant Extracts Improve 
Yield and Reduce Insect Pests on Legume Crops without Harming Beneficial Arthropods. 
Frontiers in Plant Science, 9, 1425. https://doi.org/10.3389/fpls.2018.01425 
 
Tengö, M., & Belfrage, K. (2004). Local Management Practices for Dealing with Change and 
Uncertainty: A Cross-scale Comparison of Cases in Sweden and Tanzania. Ecology and 
Society, 9(3), 4. https://doi.org/http://www.ecologyandsociety.org/vol9/iss3/art4 
 
Thabit, R. A. S., Cheng, X. R., Tang, X., Sun, J., Shi, Y. H., & Le, G. W. (2015). Antioxidant and 
Antibacterial Activities of Extracts from Conyza bonariensis Growing in Yemen. Pakistan 
104 
Journal of Pharmaceutical Sciences, 28, 129–135. 
Tosi, S., Costa, C., Vesco, U., Quaglia, G., & Guido, G. (2018). A 3-year Survey of Italian 
Honeybee-collected Pollen Reveals Widespread Contamination by Agricultural Pesticides. 
Science of the Total Environment, 615, 208–218. https://doi.org/10.1016/ j.scitotenv. 
2017.09.226 
Tsanuo, M. K., Hassanali, A., Hooper, A. M., Khan, Z., Kaberia, F., Pickett, J. A., & Wadhams, 
L. J. (2003). Isoflavanones from the Allelopathic Aqueous Root Exudate of Desmodium 
uncinatum. Phytochemistry, 64(1), 265–273. https://doi.org/10.1016/s0031-9422(03) 00324-
8 
Tschoeke, P. H., Oliveira, E. E., Dalcin, M. S., Silveira-Tschoeke, M. C. A. C., & Santos, G. R. 
(2015). Diversity and Flower-visiting Rates of Bee Species as Potential Pollinators of Melon 
(Cucumis melo L.) in the Brazilian Cerrado. Scientia Horticulturae, 186, 207–216. 
https://doi.org/10.1016/j.scienta.2015.02.027 
Valiente-Banuet, A., Aizen, M. A., Alcántara, J. M., Arroyo, J., Cocucci, A., Galetti, M., García, 
M. B., García, D., Gómez, J. M., Jordano, P., Medel, R., Navarro, L., Obeso, J. R., Oviedo, 
R., Ramírez, N., Rey, P. J., Traveset, A., Miguel V., & Zamora, R. (2014). Beyond Species 
Loss: The Extinction of Ecological Interactions in a Changing World. Functional Ecology, 
1–9. https://doi.org/10.1111/1365-2435.12356 
Van Der Sluijs, J. P., Simon-Delso, N., Goulson, D., Maxim, L., Bonmatin, J., & Belzunces, L. P. 
(2013). Neonicotinoids, Bee Disorders and the Sustainability of Pollinator Services. Current 
Opinion in Environmental Sustainability, 5, 293–305. https://doi.org/10.1016/ j.cosust. 
2013.05.007 
Van Jaarsveld, P., Faber, M., Van Heerden, I., Wenhold, F., Jansen Van Rensburg, W., & Van 
Averbeke, W. (2014). Nutrient Content of Eight African Leafy Vegetables and their Potential 
105 
Contribution to Dietary Reference Intakes. Journal of Food Composition and Analysis, 33, 
77–84. https://doi.org/10.1016/j.jfca.2013.11.003 
Van Noort, A. S., Wang, R., & Compton, S. G. (2013). Fig Wasps (Hymenoptera: Chalcidoidea: 
Agaonidae, Pteromalidae) Associated with Asian Fig Trees (Ficus, Moraceae ) in Southern 
Africa: Asian Followers and African Colonists. African Invertebrates, 54(2), 381–400. 
Van Rijn, P. C. J., & Wäckers, F. L. (2016). Nectar Accessibility Determines Fitness, Flower 
Choice and Abundance of Hoverflies that Provide Natural Pest Control. Journal of Applied 
Ecology, 53(3), 925–933. https://doi.org/10.1111/1365-2664.12605 
Viswanathan, M. B., Thangadurai, D., & Ramesh, N. (2001). Biochemical and Nutritional 
Evaluation of Neonotonia wightii (Wight & Arn .) Lackey (Fabaceae). Food Chemistry, 75, 
275–279. 
Waser, N. M., Chittka, L., Price, M. V, Williams, N. M., & Ollertons, J. (1995). Generalization in 
Pollination Systems, and why it Matters. Ecology, 77(4), 1043–1060. 
Watmough, R. H. (1974). Biology and Behaviour of Carpenter Bees in Southern Africa. Journal 
of the Entomological Society of Southern Africa, 37(2), 261–281. 
Weiblen, G. D. (2001). Phylogenetic Relationships of Fig Wasps Pollinating Functionally 
Dioecious Ficus Based on Mitochondrial DNA Sequences and Morphology. Systematic 
Biology, 50(2), 243–267. 
Weiner, C. N., Werner, M., Linsenmair, K. E., & Blüthgen, N. (2014). Land-use Impacts on Plant 
– pollinator Networks: Interaction Strength and Specialization Predict Pollinator Declines.
Ecology, 95(2), 466–474. 






Roberts, S. P. M., Szentgyoergyi, H., Tscheulin, T., Vaissiere, B. E., Woyciechowski, M., 
Biesmeijer, J. C., Kunin, W. E., Settele, J., & Steffan-Dewenter, I. (2008). Measuring Bee 
Diversity in Different European Habitats and Biogeographical Regions. Ecological 
Monographs, 78(4), 653–671. https://doi.org/10.1890/07-1292.1 
 
Westphal, C., Vidal, S., Horgan, F. G., & Gurr, G. M. (2015). Promoting Multiple Ecosystem 
Services with Flower Strips and Participatory Approaches in Rice Production Landscapes. 
Basic and Applied Ecology, 16, 681–689. http://dx.doi.org/10.1016/j.baae. 2015.10.004 
 
Whitehorn, P. R., O’connor, S., Wackers, F. L., & Goulson, D. (2012). Neonicotinoid Pesticide 
Reduces Bumble Bee Colony Growth and Queen Production. Science, 336, 351–352. 
https://doi.org/10.1126/science.1215025 
 
Wiebes, J. T. (1979). Co-evolution of Figs and their Insect Pollinators. Annual Review of Ecology 
and Systematics, 10, 1–12. 
 
Wilcove, D. S., & Koh, L. P. (2010). Addressing the Threats to Biodiversity from Oil-palm 
Agriculture. Biodiversity Conservation, 19, 999–1007. https://doi.org/10.1007/s10531-009 
 
Williamson, S., Ball, A., & Pretty, J. (2008). Trends in Pesticide use and Drivers for Safer Pest 
Management in Four African Countries. Crop Protection, 27(10), 1327–1334. 
https://doi.org/10.1016/j.cropro.2008.04.006 
 
Winfree, R., Bartomeus, I., & Cariveau, D. P. (2011). Native Pollinators in Anthropogenic 
Habitats. The Annual Review of Ecology, Evolution, and Systematics, 42, 1–22. 
https://doi.org/10.1146/annurev-ecolsys-102710-145042 
 
Winqvist, C., Ahnström, J., & Bengtsson, J. (2012). Effects of Organic Farming on Biodiversity 
and Ecosystem Services: Taking Landscape Complexity into Account. Annals of the New 








Woodcock, B. A., Bullock, J. M., Mccracken, M., Chapman, R. E., Ball, S. L., Edwards, M. E., 
Nowakowski, M., & Pywell, R. F. (2016). Spill-over of Pest Control and Pollination Services 
into Arable Crops. Agriculture, Ecosystems and Environment, 231, 15–23. https://doi.org/ 
10.1016/j.agee.2016.06.023 
 
Woodley, E. (1991). Indigenous Ecological Knowledge Systems and Development. Agriculture 
and Human Values, 8(1), 173–178. https://doi.org/10.1007/bf01579672 
 
World Bank. (2018). The World Bank Tanzania Data. https://data.worldbank.org/country/ 
tanzania?view=chart 
 
Wratten, S. D., Gillespie, M., Decourtye, A., Mader, E., & Desneux, N. (2012). Pollinator Habitat 
Enhancement: Benefits to other Ecosystem Services. Agriculture, Ecosystems and 
Environment, 159, 112–122. https://doi.org/10.1016/j.agee.2012.06.020 
 
Wu, P., Axmacher, J. C., Song, X., Zhang, X., Xu, H., Chen, C., Yu, Z., & Liu, Y. (2018). Effects 
of Plant Diversity, Vegetation Composition, and Habitat Type on Different Functional Trait 
Groups of Wild Bees in Rural Beijing. Journal of Insect Science, 18(4), 1–9. https://doi.org/ 
10.1093/jisesa/iey065 
 
Yang, F., Wu, Y., Xu, L., Wang, Q., Yao, Z., Žikić, V., Tomanović, Ž., Ferrer-Suay, M., Selfa, J., 
Pujade-Villar, J., Lu, Y., & Guo, Y. (2017). Species Composition and Richness of Aphid 
Parasitoid Wasps in Cotton Fields in Northern China. Scientific Reports, 7(8), 9799. 
https://doi.org/10.1038/s41598-017-10345-7 
 
Zuazo, V. H. D., & Pleguezuelo, C. R. R. (2008). Soil-erosion and Runoff Prevention by Plant 
Covers. A Review. Agronomy and Sustainable Development, 28, 65–86. https://doi.org/ 
10.1051/agro:2007062 
APPENDICES 
Appendix 1: Questionnaire on Assessing Farmers Knowledge on Pollination Service 
Baseline Survey Questionnaire 
Introduction 
Good morning/afternoon. My name is XXX. Thank you for sparing time to come and meet with us today. We 
are a team of researchers from the Nelson Mandela African Institution of Science and Technology. We are 
running studies and experiments in efforts to improve the quality of beans from farms in selected households 
in Moshi district. We are requesting to interview you for 2 hours in order to obtain information which will help 
us to come up with lessons and strategies for improving bean yield in the targeted farms.  
 Do you consent for us to continue with this interview? Yes (  ) No (  ).
Farmer’s personal profile 
 Name of farmer:
 Age: Sex: 
 Number of persons residing in farmer’s household:
 Titles of persons residing in farmer’s household: Father (  ) Mother (  ) Boy child(ren) (  ) Girl
child(ren) (  )
 District: Ward: Village 
Note: All questions in this questionnaire pertain to the beans farm selected for the study. 






1) What is the approximate size of your farm which has been
designated for this study?
2) What is planted in this farm?
3) What variety of beans do you grow in this farm?
3.1 Uyole njano (  )  
3.2 Lyamungo 90 (  )  
3.3 Kijivu local variety (  ) 
3.4 Mke mwema (  )  
3.5 Kriasii (  )  
3.6 Jesca (  )  
3.7 Rose coco (  )  
3.8 Soya (  )  
3.9 Others, list:  








can lead to 
improved 
farm practices  
% of targeted farmers 
who demonstrate 
changes in knowledge 
and attitudes that can 
lead to improved farm 
practices  
Beans varieties 
5) Which varieties of beans harbor the natural enemies and
the insect pests?
5.1 Uyole njano (  )  
5.2 Lyamungo 90 (  )  
5.3 Kijivu local variety (  ) 
5.4 Mke mwema (  )  
5.5 Kriasii (  )  
5.6 Jesca (  )  
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5.7 Rose coco (  )  
5.8 Soya (  )  
5.9 I don’t know (  ) 
5.10  Others, list: 
Insects 
6) What insect is this shown to you in a picture? For every
insect, assess the response and tick appropriately:
6.1 Right answer (  )  
6.2 Wrong answer (  )  
6.3 I don’t know  
6.4 (  ) List the wrong answer: 
7) What is the significance or implication of the insect on the
picture insect for your beans farming?
7.1 Pollinator ( ) 
7.2 Pest ( )  
7.3 Natural enemy ( ) 
7.4 I don’t know (  ) 
Pesticides 
8) Please mention the varieties of synthetic pesticides that
you know:
1.1 Actellic (  )  
1.2 Bamethrine (  )  
1.3 Karate (  )  
1.4 Selecron (  )  
1.5 Diazinon (  )  
1.6 I don’t know (  ) 
1.7 List others:  
9) Please mention the varieties of organic pesticides that you
know:
9.1 Ashes (  )  
9.2 Cattle urine (  ) 
9.3 Cow dung (  )  
9.4 I don’t know  
9.5 (  ) List others:  
10) Please mention the varieties of plant pesticides that you
know:
10.1  Leaves of neem tree (  )  
10.2  Leaves of wild sunflower (  ) 
10.3  I don’t know (  )  
10.4  List others: 
Perceived advantages and disadvantages of plant pesticides 
11) What do you perceive as is the advantage of using plant
pesticides to improve your beans farming?
11.1  Affordable (  )  
11.2  Easy to obtain (  ) 
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11.3  Effective to eradicate pests quickly (  ) 
11.4  Non-toxic  
11.5  (  ) I don’t know  
11.6  (  ) List other advantages:  
12) What do you perceive as the disadvantages of using plant
pesticides to improve your beans farming?
12.1  Hard to process or prepare (  ) 
12.2  Difficult to obtain (  )  
12.3  I don’t know (  )  
12.4  List other disadvantages:  
Perceived advantages and disadvantages of synthetic pesticides 
13) What do you perceive as is the advantage of using
synthetic pesticides to improve your beans farming?
13.1  Easy to obtain (  )  
13.2  Easy to use (  )  
13.3  Effective to eradicate pests quickly (  ) 
13.4  I don’t know (  )  
13.5  List other advantages:  
14) What do you perceive as the disadvantages of using
synthetic pesticides to improve your beans farming?
14.1  Toxic (  )  
14.2  Expensive (  )  
14.3  Difficult to obtain (  )  
14.4  I don’t know (  )  










% of targeted farmers 
who adopt improved 
farm management 
practices in their bean 
farms  
Plants 
15) Which beneficial plants are found in your beans farm?
16) How do you attract or retain these plants to your beans
farm?
Field margins 
17) How often do you clear your field margins?
17.1  Monthly (  )  
17.2  Quarterly (  )  
17.3  Half yearly (  )  
17.4  Annually (  )  
17.5  I don’t clear field margins (  ) 
18) What method do you use for field margin clearance?
18.1  Burning (  )  
18.2  Cutting or digging (  )  
18.3  Feeding animals (  )  
18.4  List others (  )  
18.5  I don’t clear field margins (  ) 
19) What do you use your field margin plants for?
19.1  Pesticides (  )  
19.2  Controlling erosion (  ) 
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19.3  Planting animal feeds (  )  
19.4  Others (  ) 
19.5  I don’t use field margin plants (  )  
20) List any plan species that you purposely leave when you
clear your field margins?
21) For each of the species you mentioned above, why do you
retain them?
Pesticides 
22) Please provide a list of pesticides that you use to improve
your beans farming:  
22.1  Actellic (  )  
22.2  Bamethrine (  )  
22.3  Karate (  )  
22.4  Selecron (  )  
22.5  Diazinon (  )  
22.6  Ashes (  )  
22.7  Cattle urine (  )  
22.8  Cow dung (  )  
22.9  Leaves of neem tree (  )  
22.10 Leaves of wild sunflower (  ) 
22.11 I don’t use pesticides (  )  
23) For each pesticide that you mention, please explain the
reason why you use them?
Agricultural inputs 
24) Which agricultural inputs do you use to improve your
beans farming? 
25) For each input that you mention, please explain why you
use these inputs?
Mixed/Mono cropping 
26) What type of cropping do you practice?
26.1  Mixed cropping (  )  
26.2  Mono cropping (  ) 
27) Please explain why you practice the said type of cropping
in your beans farm?
% of farmers who 
improve farm
management practices 
and report increased 
yield  
28) In the most recent harvest of XX month of XX year, how
many kilogrammes of beans did you harvest from your
beans farm under this study?
% of farmers who 
improve farm
management practices 
and report improved 
quality of beans 
29) In the most recent harvest of XX month of XX year around
what proportion of beans harvested from your farm did
you:
29.1  Sell (     )  
29.2  Consume at home (     ) 
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produced 29.3  Feed animals with (     )  
29.4 Throw away because of bad quality (     ) 
30) In the most recent harvest of XX month of XX year,
approximately what proportion of the harvested beans did
you feel were of highest first grade quality in terms of
weight, texture, color and being free of disease and
infestation, like in the picture being shown to you?
30.1  None (  )  
30.2  More than none to one quarter (  )  
30.3  More than one quarter to half (  )  
30.4  More than half to three quarters (  )  
30.5  More than three quarters to 100% (  ) 
31) In the most recent harvest of XX month of XX year,
approximately what proportion of the harvested beans did
you throw away or give to animals after feeling they were
of poor quality, like in the picture being shown to you?
31.1  None (  )  
31.2  More than none to one quarter (  )  
31.3  More than one quarter to half (  )  
31.4  More than half to three quarters (  )  
31.5  More than three quarters to 100% (  ) 
32) Please randomly select and provide me around 20 bean
seeds to look at from your recent harvest.
32.1 Proportion of seeds perceived by enumerator to be 
of good quality (    /20) 
32.2 Proportion of bean seeds perceived by enumerator 
to be of average quality (    /20) 
32.3 Proportion of bean seeds perceived by enumerator 
















% of farmers who 
report increased 
income from selling 
beans from the targeted 
farms  
33) In the most recent harvest of XX month of XX year, at
what average price did you sell one kilogramme of beans
from your farm?
33.1  Prices per kilogramme in Tshs (          ) 
33.2  I did not sell any (  )  
34) In the most recent harvest of XX month of XX year,
around how much income did you get from selling beans
from your farm?
34.1  Total amount earned in Tshs (          )  
34.2  I did not sell any or earn any income(  ) 
35) Did the beans income you earned from the most recent
harvest increase as compared to previous harvests?
35.1  Yes (  ) 
35.2  No (  ) 
36) Please explain what could have led to the situation in your
response above





consumption as a 
results of harvesting 
from the targeted farms 
the month of the harvest, averagely around how many 
times in a week did your family consume beans from your 
farm? 
% of households who 
reported beans income 
leading to improved 
access to basic needs  
38) How did you use the income earned in selling beans from
your farm in the in the most recent harvest of XX month of
XX year:
38.1  To buy food (  )  
38.2  To buy other household goods and supplies (  ) 
38.3  To buy clothing (  )  
38.4  To construct or improve housing or shelter (  )  
38.5  For medical treatment (  )  
38.6  To pay for education related costs (  ) 
38.7  I did not earn any income from beans (  )   
38.8  List other uses: 
% of households who 
report gender equality 
in use and decision 
making on resources 
related to beans 
farming  
39) In the most recent harvest of XX month of XX year, who
in your household took the final decision on how the beans
harvested from the farm could be used?
39.1  Father (  )  
39.2  Mother (  )  
39.3  Both Father and Mother (  ) 
39.4  Boy child (  )  
39.5  Girl child (  )  
39.6  List others:  
40) Who in your household took the final decision on how the
income from the selling beans from your farm could be
spent?
40.1  Father (  )  
40.2  Mother (  )  
40.3  Both Father and Mother (  ) 
40.4  Boy child (  )  
40.5  Girl child (  )  
40.6  List others: 
41) On which of your household members was the income
from selling beans sales directly spent?
41.1  Father (  )  
41.2  Mother (  )  
41.3  Boy child (  )  
41.4  Girl child (  )  
41.5  I don’t know (  ) 
41.6  List others:  
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